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Abstract 
Current standardized direct shear test methods for rock joints do not account for damage caused 
to the individually unique asperity profiles of each sample. Current test methods require either a 
single sample to be sheared to large displacements under successive normal stresses, or the use 
of similar samples in multiple tests. Successive shearing of a single sample damages surface 
asperities and causes the overall roughness profile of the sample to change, reducing peak shear 
stress and consequently resulting in underestimation of friction angle and overestimation of joint 
shear intercept (cohesion). Obtaining joint surface specimens with identical roughness and 
geometry is extremely difficult or impossible considering the inherently unique nature of rock 
joints. To minimize these testing-induced errors, research at Montana Tech has demonstrated the 
limited displacement multi-stage direct shear (LDMDS) test method to yield more accurate peak 
shear stresses and strength parameters. The LDMDS test procedure eliminates the need for 
similar joint specimens and allows for the shearing of a single specimen without extensive 
asperity damage. This is accomplished by immediately pausing shear displacement once peak 
shear stress has been reached, then proceeding to shear the sample under the following normal 
stress value. Testing of the LDMDS procedure was accomplished using cement replicates of four 
rock joints with joint roughness coefficients (JRC) of 0-2, 4-6, 8-10, and 12-14. Average joint 
friction angle (φj) and joint shear intercept (Sj) values determined by LDMDS tests were more 
similar to baseline values determined by single-stage undamaged testing for joints of all 
roughness profiles. To validate direct shear test results, two dimensional numerical models were 
created using Itasca’s UDEC software in association with the Coulomb Slip (Area) and Barton-
Bandis joint constitutive models. The UDEC models demonstrated peak shear stress values that 
were consistently within ±20% range of undamaged single-stage test peak shear stresses, 
verifying the results of the laboratory tests.  
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parameters, peak shear stress 
 
 
iii 
Acknowledgements 
 I would like to sincerely thank all those who helped make this thesis possible including: 
Mary MacLaughlin, for helping me design and complete this project, my committee members, 
Abhishek Choudhury and Larry Smith, for their help and guidance in bringing this thesis 
together, Steve Berry for all his time and help in the lab, as well as Anders Bro and Brent Sordo 
for their help in completing this project.  
 
 
 
iv 
Table of Contents 
 
ABSTRACT ................................................................................................................................................ II 
ACKNOWLEDGEMENTS ........................................................................................................................... III 
LIST OF TABLES ....................................................................................................................................... VI 
LIST OF FIGURES ..................................................................................................................................... VII 
LIST OF EQUATIONS ................................................................................................................................ XI 
 INTRODUCTION ................................................................................................................................. 1 
 BACKGROUND ................................................................................................................................... 3 
2.1. Shear Strength.................................................................................................................... 3 
2.2. Impact of Joint Roughness on Shear Strength .................................................................... 4 
2.3. Standard Direct Shear Test Procedure ............................................................................... 6 
2.4. Limited Displacement Multi-Stage Direct Shear Method ................................................. 10 
2.5. UDEC Modelling ............................................................................................................... 13 
 TEST METHODS ............................................................................................................................... 16 
3.1. Joint Specimens ................................................................................................................ 16 
3.2. Specimen Replicate Preparation ...................................................................................... 20 
3.3. Replicate Quality Control ................................................................................................. 21 
3.3.1. Unconfined Compressive Strength Tests ........................................................................................... 21 
3.3.2. Ultrasonic Velocity Tests ................................................................................................................... 23 
3.3.3. 3-D Laser Scans .................................................................................................................................. 24 
3.4. Direct Shear Test Methods ............................................................................................... 26 
3.4.1. Normal Stress Values ......................................................................................................................... 27 
3.4.2. Different Versions of the Direct Shear Test ....................................................................................... 28 
 DIRECT SHEAR TEST RESULTS AND DISCUSSION ...................................................................................... 30 
4.1. Specimen M3 (JRC 8-10) Direct Shear Test Results .......................................................... 31 
v 
4.2. Specimen M4 (JRC 0-2) Direct Shear Test Results ............................................................ 36 
4.3. Specimen M5 (JRC 4-6) Direct Shear Test Results ............................................................ 42 
4.4. Specimen M6 (JRC 12-14) Direct Shear Test Results ........................................................ 46 
4.5. Post-Shear Surface Damage Inspection ........................................................................... 49 
4.6. Mohr-Coulomb Strength Parameters ............................................................................... 52 
 NUMERICAL MODELS OF THE DIRECT SHEAR TESTS ................................................................................ 60 
5.1. Model Description ............................................................................................................ 60 
5.2. Coulomb Slip (Area) Models and Results .......................................................................... 65 
5.3. Barton-Bandis Models and Results .................................................................................. 70 
 CONCLUSIONS AND RECOMMENDATIONS ............................................................................................. 77 
REFERENCES CITED .................................................................................................................................. 80 
APPENDIX A: COMPLETE DATA FILES FOR VALID DIRECT SHEAR TESTS .................................................. 83 
APPENDIX B: UNCONFINED COMPRESSIVE STRENGTH DATA FILES ........................................................ 84 
APPENDIX C: ULTRASONIC VELOCITY DATA ........................................................................................... 85 
APPENDIX D: PRE-SHEAR AND POST-SHEAR DIGITAL SCAN HISTOGRAMS FOR ALL SPECIMENS. ............ 86 
APPENDIX E: SHEAR STRESS AND NORMAL DISPLACEMENT PLOTS – ALL TESTS .................................... 87 
APPENDIX F: UDEC MODEL TEXT FILES ................................................................................................. 117 
APPENDIX G: COULOMB SLIP (AREA) MODELS (M4, M5, M6) .............................................................. 122 
APPENDIX H: COULOMB SLIP (AREA) SENSITIVITY ANALYSIS DATA ...................................................... 124 
APPENDIX I: COULOMB SLIP (AREA) MODELS COMPARED TO LABORATORY TESTS (M4, M5, M6) ....... 126 
APPENDIX J: BARTON-BANDIS MODELS (M4, M5, M6) ........................................................................ 128 
APPENDIX K: BARTON-BANDIS MODEL SENSITIVITY ANALYSIS DATA .................................................. 130 
APPENDIX L: DILATION ANGLE CALCULATION DATA SHEETS ................................................................ 132 
vi 
List of Tables  
Table I: Comparison of single-stage undamaged peak shear stress values as collected for 
replicates of Specimen M3 by Berry et al. (2015) and in this investigation (Petro).32 
Table II: Summary of discontinuity specimen M3 (JRC 8-10) direct shear test data........54 
Table III: Summary of discontinuity specimen M4 (JRC 0-2) direct shear test data. .......54 
Table IV: Summary of discontinuity specimen M5 (JRC 4-6) direct shear test data. .......55 
Table V: Summary of discontinuity specimen M6 (JRC 12-14) direct shear test data. ....55 
Table VI: Summary of Mohr-Coulomb parameters for all joint specimens. .....................56 
Table VII: Summary of UDEC model block material parameters. ...................................62 
Table VIII: Summary of Coulomb Slip (Area) model joint properties and peak shear stress 
values. ....................................................................................................................67 
Table IX: Summary of percent differences between laboratory peak shear stress values and 
Coulomb Slip (Area) model peak shear stress values. ...........................................69 
Table X: Summary of Barton-Bandis mode joint properties and peak shear stress values.72 
Table XI: Summary of percent differences between laboratory peak shear stress values and 
Barton-Bandis model peak shear stress values. .....................................................74 
 
 
 
  
vii 
List of Figures  
 
Figure 1: JRC 2-D profiles (Barton, 2013). .........................................................................5 
Figure 2: Basic direct shear test diagram (left) and idealized representation of direct shear test 
data (right). ...............................................................................................................6 
Figure 3: Typical (idealized) test data associated with the Standard direct shear test procedure 
displaying the large displacements by which the specimen is sheared before being 
returned to its original position. ...............................................................................8 
Figure 4: Example shear stress vs. shear displacement data (idealized) from the LDMDS direct 
shear test.................................................................................................................10 
Figure 5: Realistic shear stress vs. shear displacement data from the LDMDS direct shear test 
displaying minor additional shear displacement until an initial decrease in shear stress is 
observed. ................................................................................................................13 
Figure 6: Photograph of discontinuity specimen M3 (top) and its surface profile (bottom). 
Specimen is 110 mm long by 85 mm wide. ...........................................................17 
Figure 7: Photograph of discontinuity specimen M4 (left) and its surface profile (right). 
Specimen diameter is 60 mm. ................................................................................18 
Figure 8: Photograph of discontinuity specimen M5 (left) and its surface profile (right). 
Specimen diameter is 47 mm. ................................................................................19 
Figure 9: Photograph of discontinuity specimen M6 (left) and its surface profile (right). 
Specimen diameter is 47 mm. ................................................................................19 
Figure 10: Photograph of discontinuity specimen replicate molds. ...................................20 
Figure 11: Unconfined compressive strength as a function of time. .................................22 
Figure 12: Ultrasonic velocities as a function of time for Sulfaset Bolt Anchor cement. .23 
viii 
Figure 13: NextEngine 3D laser scanner (left) and CloudCompare v2.8 matched surfaces of 
specimen replicate and original rock surface (right). .............................................24 
Figure 14: Histogram of C2M (cloud-to-mesh) distance comparison. ..............................25 
Figure 15: GCTS RDS-200 servo-controlled direct shear system. ....................................26 
Figure 16: Example normal displacement vs. shear displacement data. Note that the y-axis is 
positive in the downward direction. .......................................................................31 
Figure 17: Plots of shear stress vs. shear displacement for all single-stage undamaged direct 
shear tests performed on specimen M3 (JRC 8-10). ..............................................33 
Figure 18: Plots of shear stress vs. shear displacement for all Standard direct shear tests 
performed on specimen M3 (JRC 8-10). All tests (top) and valid tests (bottom). 34 
Figure 19: Plots of shear stress vs. shear displacement for all LDMDS direct shear tests 
performed on specimen M3 (JRC 8-10). All tests (top), full range, and valid test data 
peak range (bottom). ..............................................................................................36 
Figure 20: Plots of shear stress vs. shear displacement for all (top), and valid (bottom) single-
stage undamaged direct shear tests performed on specimen M4 (JRC 0-2) and normal 
displacement vs. shear stress (middle) for all 200 kPa stage tests displaying specimen 
dilation. ..................................................................................................................38 
Figure 21: Plots of shear stress vs. shear displacement for all Standard direct shear tests 
performed on specimen M4 (JRC 0-2). All tests (top) and valid tests (bottom). ..40 
Figure 22: Plots of shear stress vs. shear displacement for all LDMDS direct shear tests 
performed on specimen M4 (JRC 0-2). All tests (top), full range, and all test data peak 
range (bottom). .......................................................................................................41 
ix 
Figure 23: Plots of shear stress vs. shear displacement for all single-stage undamaged direct 
shear tests performed on specimen M5 (JRC 4-6). All tests (top) and valid tests (bottom).
................................................................................................................................43 
Figure 24: Plot of shear stress vs. shear displacement for both Standard direct shear tests 
conducted on specimen M5 (JRC 4-6)...................................................................44 
Figure 25: Plots of shear stress vs. shear displacement for all LDMDS direct shear tests 
performed on specimen M5 (JRC 4-6). All tests (top), full range, and all test data peak 
range (bottom). .......................................................................................................45 
Figure 26: Plot of shear stress vs. shear displacement for all six single-stage undamaged direct 
shear tests performed on specimen M6 (JRC 12-14). ............................................47 
Figure 27: Plot of shear stress vs. shear displacement for both Standard direct shear tests 
performed on specimen M6 (JRC 12-14). .............................................................47 
Figure 28: Plots of shear stress vs. shear displacement for all LDMDS direct shear tests 
performed on specimen M3 (JRC 8-10). All tests (top), full range, and valid test data 
peak range (bottom). ..............................................................................................48 
Figure 29: Typical post-shear surface damage, specimen M3 (JRC 8-10). .......................49 
Figure 30: Typical post-shear surface damage, specimen M4 (JRC 0-2). .........................49 
Figure 31: Typical post-shear surface damage, specimen M5 (JRC 4-6). .........................50 
Figure 32: Typical post-shear damage, specimen M6 (JRC 12-14). .................................50 
Figure 33: Example of holes in scan pointcloud due to reflective damaged areas of specimen 
surface. ...................................................................................................................51 
Figure 34: Post-shear joint surface pointcloud matched to pre-shear pointcloud (left) and distance 
histogram (right). ...................................................................................................51 
x 
Figure 35: Mohr-Coulomb Failure Envelopes for specimen M3 (top left), M4 (top right), M5 
(bottom left), and M6 (bottom right). ....................................................................53 
Figure 36: UDEC model geometry and boundary conditions. ..........................................62 
Figure 37: Maximum unbalanced force (y-axis) vs. timestep (x-axis) for model initial 
equilibrium. ............................................................................................................63 
Figure 38: Model output of shear stress (y-axis, Pa) vs. shear displacement (x-axis, mm).64 
Figure 39: Example model of shear (XY) stress accumulating in the blocks as the top block is 
displaced. ...............................................................................................................64 
Figure 40:  Example model of x-displacement vectors demonstrating motion of top block as 
model is cycled. .....................................................................................................65 
Figure 41: Coulomb-Slip (Area) model of specimen M3. Plot of shear stress vs. shear 
displacement for the three normal stress values. ...................................................66 
Figure 42: Coulomb-Slip (Area) model sensitivity analysis..............................................68 
Figure 43: Shear stress vs. shear displacement data for Coulomb-Slip (Area) model and 
laboratory results for specimen M3. ......................................................................69 
Figure 44: Barton-Bandis model displaying shear stress vs. shear displacement for joint 
specimen M3. .........................................................................................................72 
Figure 45: Graphical results of Barton-Bandis model sensitivity analysis. .......................73 
Figure 46: Plots of Barton-Bandis and laboratory shear stress vs. shear displacement for joint 
specimen M3 (top left), M4 (top right), M5 (bottom left), and M6 (bottom right).75 
  
xi 
List of Equations 
Equation (1) .........................................................................................................................7 
Equation (2) .......................................................................................................................27 
Equation (3) .......................................................................................................................71 
1 
  Introduction  
The overall strength of a discontinuous or jointed rock mass is controlled not by the 
strength of the intact rock, but instead by the relatively weak shear strengths of the 
discontinuities. Accurately determining the shear strength of these discontinuities is of critical 
importance to the design of safe and economical excavations within a fractured rock mass. The 
shear strength of discontinuities within rock masses is typically assessed using the standard 
Mohr-Coulomb strength parameters of joint friction angle and joint shear strength intercept 
(cohesion). These strength parameters are most often determined by use of direct shear tests 
conducted at a minimum of three separate normal stresses on a single joint specimen as 
according to ASTM and ISRM Standards (ASTM, 2016; ISRM, 2014). 
The problem with determining the shear strength parameters of a rock joint by the current 
standard method is that specimens are sheared beyond the point of peak strength and successive 
shearing of a single damaged specimen causes damage to the joint surface asperities, which leads 
to less accurate test results. This testing-induced damage has been recognized in both the current 
standards (ASTM, 2016) as well as in previous research (Leal-Gomes, 2007; Ulusay, 2014; 
Quansheng et al., 2017). Damaged surface asperities lead to lower observed peak shear stress 
values under successive normal stresses, which in turn causes underestimation of friction angle 
and overestimation of joint shear intercept (Barton, 2013).  
An alternative test method, which minimizes specimen surface damage by applying only 
very limited displacement until multiple values of peak shear strength have been achieved, has 
been previously developed by Bro (2013) and is referred to as the Limited Displacement Multi-
stage Direct Shear test method (LDMDS) (Berry et al., 2015). Previous research at Montana 
Tech has demonstrated that the LDMDS test method can obtain considerably more accurate 
2 
Mohr-Coulomb strength parameters for rough rock joints as compared to current standard 
procedures. This thesis focuses on further evaluating the accuracy of this test method as 
compared to current standard procedure, providing data for additional specimens displaying a 
wide range of surface roughness.  
The goal of this study is to further establish the accuracy of the LDMDS test method for 
rock joints of varying roughness as compared to ASTM (referred to as “Standard”) test 
procedures. This was achieved by conducting direct shear tests on cement replicates of four rock 
joint specimens of different roughness by both Standard and LDMDS procedures. The Mohr-
Coulomb strength parameters from these test methods were compared to baseline undamaged 
strength parameters collected from single-stage direct shear tests to determine which method was 
more accurate. Numerical models of the direct shear tests were created using the 2-D Universal 
Distinct Element Code (UDEC) software in order to perform simulations for comparison with 
the experimental results.    
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 Background 
A rock mass is said to be discontinuous when intersected by any form of discontinuity 
(Goodman, 1993). A rock mass or rock block not intersected by a discontinuity is defined as 
intact rock. A discontinuity is a plane of mechanical or sedimentary origin that separates blocks 
of intact rock within the rock mass (Gonzalez de Vallejo, 2011). Examples of discontinuities 
include bedding planes, foliation surfaces, joints, faults, and dikes. Properties of discontinuities 
that determine their impact on a rock mass include shear strength, roughness, spacing, 
persistence, aperture, infilling, and orientation (Gonzalez de Vallejo, 2011).  
The presence of discontinuities has a significant impact on the strength and mechanical 
properties of the entire rock mass, making it significantly more difficult to evaluate in an 
engineering capacity (Gonzalez de Vallejo, 2011). Within a discontinuous rock mass, shear 
strength can be determined for both the intact rock as well as for the discontinuity features. At 
shallow excavation depths with low normal stresses, typical of geotechnical engineering projects, 
the shear strength along a non-filled discontinuity will be significantly less than the shear 
strength of the intact rock. Therefore, joint surfaces are recognized as the parts of the rock mass 
most likely to initiate potential failure (Barton, 1977). This chapter summarizes concepts and 
previous research related to characterizing the shear strength of rock joints.  
2.1. Shear Strength  
In the context of rock mechanics, shear stress is the stress acting parallel to a plane, and 
shear strength is the maximum amount of stress a discontinuity or intact rock can withstand 
before failing (Stout, 1975). The shear strength of a jointed rock mass is primarily a function of 
the in-situ normal stress, the strength of the intact rock material, the nature of joint infilling, and 
the joint surface roughness (Adachi et al., 1999). 
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In this study, the shear strengths of the discontinuities were determined using peak shear 
stress values. Peak shear stress is defined as the maximum shear stress value a discontinuity, or 
intact rock, demonstrates prior to shear failure, at which point the discontinuity, or intact rock, 
begins to decrease accumulated shear stress (Tanimoto et al., 1996). Post-peak shear strength, 
commonly referred to as “residual” strength, can also be observed within materials and rock 
discontinuities. Post-peak shear strength is defined as the equilibrium strength maintained by the 
material or discontinuity once sheared beyond initial peak shear stress (ASTM, 2016). In this 
study, although post-peak shear strength was not of primary significance, the data were collected 
for all tested specimens.  
The most common parameters used to characterize the shear strength of geological 
material are the Mohr-Coulomb values of friction angle and cohesion. For failure associated with 
pre-existing joint surfaces, the parameters used are joint friction angle (φj) and joint shear 
strength intercept (Sj). These parameters are used as a measure of the ability of a rock to resist 
shear stress (Barton, 1977). 
2.2. Impact of Joint Roughness on Shear Strength 
The surface roughness of a discontinuity is a qualitative measurement of the smoothness 
of a rock joint and is typically denoted (Johansson, 2014) using the Joint Roughness Coefficient 
or JRC system as developed by Barton (1973). The joint roughness coefficient (JRC) represents 
a sliding scale of roughness which varies from 0 to 20, with 20 being the roughest surface.  Later 
work by Barton and Choubey (1977) provided a series of 2-D joint surface profiles to categorize 
JRC within approximate ranges as shown in Figure 1. The roughness profile of a specimen is 
determined using a contour gauge then compared to the standard JRC profile sections and 
assigned a JRC value range.  While JRC is primarily used for mathematical determination of 
5 
shear strength in association with other variables such as normal stress, joint compressive 
strength, and friction angle (Barton, 1973), for this study it was used primarily as a means of 
quantitatively identifying the roughness of each specimen.  
 
 
Figure 1: JRC 2-D profiles (Barton, 2013). 
 
It is well known that the relative roughness of a rock joint has a significant impact on 
shear strength (Kusumi, 1996; Quansheng et al., 2017).  Joint geometry (roughness) is largely a 
function of rock mass origin, mineralogy, and degree of weathering. Typically, intrusive rocks 
display the highest degree of roughness, while those with planar cleavage planes such as slates 
are smoother (Barton, 1973).  A rougher discontinuity surface will consist of steeper asperities of 
6 
greater amplitude and have a higher degree of overall vertical relief, requiring additional shear 
force to overcome when displaced. 
2.3. Standard Direct Shear Test Procedure 
The direct shear test is the most commonly used method for defining the shear strength of 
a rock discontinuity. A typical direct shear test is performed by encapsulating the two opposite 
surfaces of a discontinuity, applying a normal stress to the specimen, then horizontally displacing 
the specimen along the joint surface while recording the accumulation of shear stress. Figure 2, 
left, is a basic schematic of a direct shear test and Figure 2, right, is a simple example of shear 
stress and shear displacement data collected during a direct shear test.  
 
 
Figure 2: Basic direct shear test diagram (left) and idealized representation of direct shear test data (right). 
 
In order to characterize the shear strength of a discontinuity, direct shear tests are 
commonly conducted at a minimum of three different normal stress values (ASTM, 2016). The 
peak shear stress values achieved under these three normal stress values are used to create a 
Mohr-Coulomb failure envelope from which the peak strength parameters of joint friction angle 
and joint shear intercept are determined by fitting a straight line through the data. These 
parameters may then be used to predict joint shear strength as a function of the normal stress 
using the equation (Barton and Choubey, 1977): 
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  𝝉𝝉𝒇𝒇 = 𝝈𝝈𝒏𝒏𝒕𝒕𝒕𝒕𝒏𝒏�𝝋𝝋𝒋𝒋� + 𝑺𝑺𝒋𝒋  Equation (1) 
  
where τf is shear strength, σn is the normal stress acting on the joint, φj is joint friction angle, and 
Sj is the joint shear intercept.  
The current Standard direct shear test procedure can be conducted in one of two ways: 1) 
Testing similar (but not identical) specimens individually, or 2) testing a single specimen 
multiple times (ASTM, 2016; ISRM, 2014). Rock joints, by nature of their formation and 
weathering, are inherently unique and it is extremely difficult or impossible to locate two 
identical or very similar specimens with precisely matching asperity profiles (Quansheng et al., 
2017). This is true even within the same joint surface at distances only several centimeters away. 
This being the case, the method of testing “similar” joint specimens is used much less frequently 
than the alternative. The far more common method used is that of shearing a single joint 
specimen under multiple (typically three) successive normal stresses. 
 The primary flaw in the current procedure is that it dictates that a specimen is sheared 
until satisfactory residual shear strength is achieved (ASTM, 2016). To accomplish this may 
require a specimen to be sheared over a relatively significant distance of up to several 
centimeters. By displacing the specimen over such a relatively large distance, a significant 
amount of damage is caused to the asperity profile of that specimen. The specimen is then 
typically unloaded and returned to its original position (pre-shear displacement) to be sheared 
under an increased normal stress (ASTM, 2016 and ISRM, 2014). Figure 3 displays a typical 
shear stress vs. shear displacement graph of a direct shear test performed in accordance with the 
Standard procedure in which the large specimen displacements associated with this testing 
method are evident.  
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Figure 3: Typical (idealized) test data associated with the Standard direct shear test procedure displaying 
the large displacements by which the specimen is sheared before being returned to its original position. 
 
Returning the specimen to its original position allows the following shear test to be 
performed over the portion of the specimen with the original asperity profile; however, the 
asperity surface will not be identical because it will have experienced significant damage. This 
surface damage is acknowledged directly in the Standard test procedure with the cautionary 
statement “Bear in mind that with each repeat test the surface will be further damaged” (ASTM, 
2016). Quansheng et al., (2017) notes that in non-infilled joints, such as those used in this study, 
surface asperities tend to deform gradually in the direction of shear. Experience with direct shear 
tests substantiates these findings and it is noted that this damage is typically in the form of 
rounded, but sometimes sheared-off, asperity peaks. In specimens of rougher joint surface 
profiles, this damage is typically concentrated on only a few, sometimes only one, dominant 
asperity or geometry feature. In such cases of few dominant asperities, test induced-damage can 
have a particularly significant impact on the shear strength observed in successive tests as shear 
forces tend to accumulate on the most dominant asperities (Leal-Gomes, 2007).  
This damage is further acknowledged in the direct shear test procedure recommended for 
rocks joints developed by the International Society for Rock Mechanics and Rock Engineering, 
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but is regarded as negligible for all rock materials sheared at low normal stresses (Ulusay, 2014). 
The ISRM develops test procedures specifically for rock, which are periodically reviewed and 
improved. The ISRM recommended procedures are developed by rock mechanics professionals 
and are intended to improve the collection of data pertaining to rock mechanics, geomechanics, 
and rock engineering.  Experience suggests that the damage is not negligible as even with minor 
shear displacements, the variation in shear strength from the initial undamaged test to the 
following test results in an underestimated joint friction angle and overestimated joint shear 
intercept (Barton, 2013; Berry et al., 2015).  
ISRM (2014) specifies that as an alternative option to returning the specimen to its 
original pre-shear position, the subsequent test can be conducted from the end point of the 
previous test. While this does potentially slightly reduce the amount of damaged asperities, it 
introduces a more significant problem in that now the test is being conducted over a different 
asperity profile. With the high natural variability of rock joints, surfaces just several centimeters 
apart within the same specimen could, and often do, differentiate significantly in geometry and 
composition. Furthermore, the total overall contact area is significantly reduced and must be 
accounted for. 
To summarize, although this specimen surface damage inherent in the Standard test 
procedure is recognized throughout rock mechanics (Warren, 2018), an improved test procedure 
has yet to be adopted. The goal of this study is to provide quantitative evidence that adjustments 
to the current test procedure can provide more accurate strength parameters. While Mohr-
Coulomb parameters may be obtained using the Standard direct shear procedure, they are 
inaccurate in that the peak shear stresses used to calculate them are a “mix” of the undamaged 
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surface for the lowest normal stress, and damaged surfaces associated with all successive normal 
stresses.  
2.4. Limited Displacement Multi-Stage Direct Shear Method 
As a solution to the testing-induced damage associated with the Standard direct shear test 
procedure, the limited displacement multi-stage direct shear (LDMDS) test method was 
developed by Bro (2013). This method is designed to minimize the damage caused to surface 
asperities by limiting the total amount of displacement a specimen is subjected to prior to 
achieving peak shear stress under each normal stress. Figure 4 is an example of an idealized 
shear stress vs. shear displacement graph for a direct shear test performed in accordance with the 
LDMDS test method. It should also be noted Figure 4 is not to scale and typically the peak shear 
stress range is only approximately 0.3 to 0.5 mm, while the post-peak range can be 5 to 7 mm 
depending on the specimen.  
 
Figure 4: Example shear stress vs. shear displacement data (idealized) from the LDMDS direct shear test. 
 
At this time, there is very little published research regarding alternative direct shear 
methods seeking to minimize overall displacement and damage. However, previous research at 
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Montana Tech has demonstrated the accuracy of the LDMDS method as compared to the 
Standard test procedure (Berry et al., 2015; Sordo et al., 2016; Petro et al., 2017). Berry et al. 
(2015) demonstrated through multiple variations of the LDMDS procedure that this method can 
provide more accurate strength parameters for rough rock joints at relatively low normal stresses. 
In particular, it was determined that the LDMDS method produced joint friction angles that were 
significantly more similar (3.1% difference) to undamaged results as compared to Standard 
methods (21.8% difference) using a granitic rock joint specimen.  
There is, however, a significant body of analogous research which aims to compare the 
testing of a single specimen, as compared to multiple “representative” specimens, with a multi-
stage triaxial test (Blümel, 2010). The multi-stage triaxial test, similar to the LDMDS test, is 
used to collect strength values of a single specimen at multiple confining stress values and 
accomplishes this by testing the specimen just to the point of failure, then advancing to the next 
stage of testing (Henao et al., 2017). 
While more accurate strength parameters were demonstrated, one main challenge 
associated with the LDMDS test method has been recognized. This method requires the operator 
to quickly identify the point of failure and immediately pause the test, something that can be 
much more difficult than anticipated. Discontinuity specimens can behave several different ways 
at the point of shear failure which can lead to uncertainty when conducting an LDMDS test. 
Ideally, when undergoing shear displacement, a joint specimen would demonstrate a linear 
“elastic” increase in shear stress, followed by a yield point at which the shear stress initially 
begins to deviate from the linear “elastic” line, followed by a minor increase then sharp decrease 
in shear stress.  With this ideal type of specimen, it is fairly easy to identify the point of failure of 
the joint specimen and the LDMDS test could be advanced with a relatively high degree of 
12 
confidence. However, discontinuity specimens often behave in a non-ideal manner, displaying 
behaviors such as a nonlinearity in the “elastic range, very gradual shear stress decrease after 
initial failure, or even the increase of shear stress with displacement. With these types of 
behaviors, it is difficult for the test operator to determine if the deflections at a suspected peak 
strength value correspond to the actual stress maximum, or if the specimen will continue to 
accumulate shear stress with additional displacement. If the test operator advances the LDMDS 
test at a stress value that is not the true shear strength of the specimen under that particular 
normal stress, it will cause the calculated Mohr-Coulomb strength parameters for the specimen to 
be incorrect.  
To avoid these errors, and ensure an accurate and consistent LDMDS test, the operator 
must first establish a clear and consistent definition of “point of failure.” Valid interpretations of 
point of failure include 1) the moment the specimen reaches the yield point, 2) the moment the 
maximum shear stress value is achieved, or 3) the moment that shear stress begins to decrease 
with displacement. The most conservative definition, and the approach used in this study, is the 
third definition: Allowing the specimen to be displaced until the first increment of shear stress 
decrease is observed provides the most evidence that actual peak shear strength has been 
achieved at the applied normal stress.  
Correspondingly, it should be recognized that Figure 4 portrays an idealized LDMDS test 
in which the test is advanced to the following normal stress at the instant the specimen begins to 
fail (slip). To accomplish this during an actual LDMDS test would be extremely difficult due to 
the fact that it is near impossible to confidently determine peak shear strength without shearing 
the specimen at least a small distance past the peak. Therefore, the LDMDS tests conducted for 
this project involved subjecting the specimen to a very small amount of additional displacement 
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past the suspected peak strength, corresponding to the first increment of shear stress decrease. 
This was done to provide assurance that the peak shear strength has indeed been reached. This 
additional amount of shear displacement is very small, usually on the order of 0.01 mm. Figure 5 
portrays the more realistic version of the LDMDS test with the minor amount of additional shear 
displacement and initial decrease in shear strength within the peak shear stress range of the test.  
 
 
Figure 5: Realistic shear stress vs. shear displacement data from the LDMDS direct shear test displaying 
minor additional shear displacement until an initial decrease in shear stress is observed. 
 
2.5. UDEC Modelling 
The Universal Distinct Element Code (UDEC) is a 2-Dimensional numerical modeling 
program used to simulate the response of discontinuous media to static or dynamic loading 
(Itasca, 2018). UDEC is primarily intended for rock engineering analysis including studying the 
failure of rock slopes and evaluating the influence of rock discontinuities on underground 
excavations and foundations (Itasca, 2018). As a member of the Discrete Element Method family 
of numerical modeling software, UDEC allows for the displacement, rotation, and, detachment 
of individual rigid or deformable blocks. The interfaces represent discontinuities between these 
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blocks and are treated as boundary conditions with prescribed joint behavior (Abdullah et al., 
2010). There are several different joint behavioral models available within UDEC. The models 
used for this study are the Coulomb Slip (Area-Contact) and Barton-Bandis joint constitutive 
models.  
The Coulomb Slip (Area) joint constitutive model is considered the most conventional 
model used to represent shear failure in rock material (Itasca, 2018). In this model, incremental 
normal and shear displacement are calculated along the joint surface area. This model is not able 
to account for joint surface roughness or accumulating joint surface damage or weakening.  
The Barton-Bandis joint constitutive model was developed by Nick Barton and Stavros 
Bandis to describe the effects of surface roughness on discontinuity strength and deformation 
using a series of empirical relations (Barton, 1977). The Barton-Bandis joint model calculates the 
shear resistance of a discontinuity using the Joint Roughness Coefficient (JRC). Within UDEC, 
JRC is interpreted as a function of discontinuity length, normal stress, current shear 
displacement, and shear displacement history (Itasca, 2018). This joint model also considers the 
impact of damage to the joint surface asperities caused during shear displacement. This effect is 
simulated using a damage factor applied to the assigned JRC value and begins to impact the 
model once maximum peak shear stress is achieved.  
For this study, UDEC models were created using both types of joint constitutive models 
to numerically simulate the laboratory direct shear tests. The peak shear strengths calculated by 
these models were then compared to the peak shear strength values demonstrated by single-stage 
undamaged laboratory tests to determine if these values were reasonable and representative of 
the specimens. Although both joint models are capable of simulating pre-peak (undamaged) 
behavior, only the Barton-Bandis model is able to simulate strength deterioration with 
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displacement observed in the post-peak range. While post-peak strength is not the main focus of 
this research, the experimental data collected during this study provided an excellent opportunity 
to validate the Barton-Bandis model.  
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 Test Methods 
Specimen preparation and laboratory tests for this study were conducted in two main 
phases. The first phase incorporated a single granitic rock joint specimen (M3) of medium 
roughness (JRC 8-10) with the focus of further determining the repeatability and accuracy of the 
LDMDS test method. Cement replicates of this granitic rock joint specimen had been previously 
tested using the LDMDS method (Berry et al., 2015) and for this study, these specimens were 
subjected to the same normal stress values used in the previous work. The second phase 
incorporated replicates of three separate specimens of varying roughness (M4, M5, M6) with the 
goal of determining if the LDMDS method was as applicable and accurate for a wider range of 
joint roughness. This chapter includes a detailed description of the specimens and procedures for 
preparing the specimen replicates as well as the tests to which they were subjected.  
3.1. Joint Specimens 
Discontinuity specimen M3, used in the initial phase of the project, is an undamaged 
rectangular specimen cut from a granitic rock joint sourced from an area near Boulder, Montana. 
This specimen is slightly weathered with minor discoloration and consequently assessed as 
Grade II weathering in accordance with the Geological Society of London (GSL) classification 
system (Goodman, 1993). The joint roughness coefficient was qualitatively assessed using a 
contour gauge and, compared to the Barton and Choubey (1977) profiles (Figure 1), was 
determined to be a JRC of 8-10. The surface geometry consists of moderate amplitude asperities 
and does not appear to be dominated by any few or single asperities. This specimen was cut from 
a larger joint specimen into a rectangular shape with dimensions approximately 110 mm long by 
85 mm wide. This joint specimen interlocks very well and displays little to no displacement or 
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rocking when in its interlocked position.  Figure 6 shows photographs of discontinuity specimen 
M3.  
 
 
 
 
 
 
 
Figure 6: Photograph of discontinuity specimen M3 (top) and its surface profile (bottom). Specimen is 110 
mm long by 85 mm wide.  
 
Discontinuity specimen M4 is a core joint within a laminar siltite sourced from the 
Golden Sunlight Mine near Whitehall, Montana. This specimen is within a run of oversized HQ  
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(60 mm diameter) core and is of an ellipsoid shape with the longest dimension measured at 63 
mm. The discontinuity observed within this specimen appears to be along a slightly 
metamorphosed bedding plane. This specimen displays little to no visible signs of weathering 
and is classified by the GSL system as Grade I un-weathered (Goodman, 1993). The joint 
roughness coefficient was qualitatively assessed using a contour gauge and, compared to the 
Barton and Choubey (1977) profiles, was determined to be a JRC of 0-2. The surface geometry is 
defined by sub-millimeter amplitude asperities throughout the entire surface. One linear feature, 
approximately 0.5 mm in amplitude is observable on the joint surface.  This specimen is only 
capable of interlocking at a single position, however within that position the interlocking is 
strong with no wobbling or sliding observed. Figure 7 contains photographs of joint specimen 
M4.  
 
Figure 7: Photograph of discontinuity specimen M4 (left) and its surface profile (right). Specimen diameter 
is 60 mm.  
 
Both discontinuity specimen M5 and specimen M6 are core joints within an anorthosite 
material sourced from the Stillwater Mine near Nye, Montana. Both specimens are Standard NQ 
sized core (47 mm diameter) with an ellipsoid shape. The joint in specimen M5 propagates 
through the core run at an approximate 45° angle (longest dimension measured at 55 mm), and 
the joint through M6 crosses at an approximate 65° angle (longest dimension measured at 86 
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mm). Both specimens display minor indications of weathering with some slight calcite infilling 
observed and both are classified by the GSL system as Grade III moderately weathered 
(Goodman, 1993). Joint roughness coefficients were qualitatively assessed using a contour gauge 
and, compared to the Barton and Choubey (1977) profiles, was determined to be a JRC of 4-6 for 
specimen M5 and a JRC of 12-14 for specimen M6. The surface geometry of specimen M5 is 
defined by several small 1 mm scale asperities spread evenly throughout the surface; no 
dominant asperities are observed. The surface of specimen M6 contains similar sized asperities, 
however the surface geometry undulates at an approximate 2 to 3 mm amplitude. Both specimen 
M5 and M6 interlock very well and display no rotational or rocking movement when in the 
locked position. Photographs of the discontinuity specimens M5 and M6 are contained in Figures 
8 and 9. 
 
Figure 8: Photograph of discontinuity specimen M5 (left) and its surface profile (right). Specimen diameter 
is 47 mm.  
 
 
 
Figure 9: Photograph of discontinuity specimen M6 (left) and its surface profile (right). Specimen diameter 
is 47 mm.  
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3.2. Specimen Replicate Preparation 
In order to have multiple copies of the discontinuity specimens to be able to perform 
multiple tests on undamaged specimens, molds were created of the original rock specimens and 
numerous cement replicates were cast in a process originally suggested by Bro (2013).   The 
original rock joint specimens were molded using ReoFlex 40, a mid-weight liquid urethane 
rubber. The process for molding the specimens consisted of positioning the original specimens in 
a tray, applying an aerosol mold release agent to the tray and specimens, filling the tray with the 
ReoFlex 40 (previously subjected to 3 minutes in a vacuum chamber to remove air bubbles), then 
allowing the molds to cure for 24 hours. Once the molds were cured, the specimens were 
carefully removed and any excess rubber material was trimmed away to create a usable mold to 
cast the replicates. Figure 10 is a photograph of the specimen molds used.  
 
Figure 10: Photograph of discontinuity specimen replicate molds. 
 
Replicates of joint specimens M4, M5, and M6 were cast of Metalcrete Bolt Anchor 
Sulfaset Yellow: High Speed, Expansive Anchoring Compound, and replicates of joint specimen 
M3 were cast of Type III High Early Strength cement donated by the CRH Trident plant. The 
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Sulfaset material is a high early strength cement compound designed for a quick set time of 15-
20 minutes, and the Type III cement requires approximately 12 hours to set-up. The process for 
casting consisted of first cleaning the mold surfaces with a soft brush and air canister to remove 
any debris. The cement was then mixed using the manufacturer’s recommended 3.2:1 cement to 
water mass ratio. The cement was mixed by hand for approximately two minutes, including 30 
seconds of vibration to minimize clumps and evacuate air bubbles. The mixed cement was then 
poured into the rubber molds. To remove potential air bubbles within the molds, the sides of the 
molds were tapped repeatedly for approximately 10 seconds on each side. The molds were 
adhered to a glass plate using rubber contact cement to prevent potential warpage of the molds as 
the cement cured. Once cast, the replicates were allowed to cure for approximately one hour 
before removing them from the mold and letting them dry at ambient temperature and humidity 
conditions.  
3.3. Replicate Quality Control 
To ensure that all joint specimen replicates were consistent in their alignment, material 
strength, and asperity profiles, several measures of quality assurance were created. These 
included performing unconfined compressive strength and ultrasonic velocity tests on the cement 
material and digital 3-D laser scans and point-cloud comparisons of the replicate surfaces.  
3.3.1. Unconfined Compressive Strength Tests 
Consistent material strength of the replicates has a significant impact on the consistency 
of the shear stresses observed during the direct shear tests. To ensure that material strength for all 
replicates was consistent at the time of testing, unconfined compressive strength (UCS) tests 
were performed on the cement. Multiple cement cylinders 5 cm in diameter by 10 cm tall were 
tested using a TerraTek servo-controlled load frame at intervals of 1, 7, 14, 21, and 28-day cure 
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times. Cylinders were allowed to cure at the same ambient temperature and humidity as the joint 
replicates. Prior to testing, cylinder ends were ground parallel within 1/1000th of an inch. This 
wet grinding was done immediately after initial curing to ensure the cylinders were able to dry 
for the entire cure time.  
The UCS test results presented in Figure 11 suggest that the Bolt Anchor Sulfaset Yellow 
cement consistently increased in strength between the 1-day and 21-day cure times, then 
maintained a constant strength of 75 MPa from the 21 to 28-day tests. The Type III cement 
appeared to reach a consistent maximum strength of 40 MPa at the 14-day cure interval. All 
direct shear tests were performed on specimen replicates that had been allowed to cure at least 21 
days. A complete summary of the UCS test data is included in Appendix B. 
 
 
Figure 11: Unconfined compressive strength as a function of time. 
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3.3.2. Ultrasonic Velocity Tests 
Non-destructive ultrasonic velocity tests were also performed on the Sulfaset cement 
cylinders using a GCTS Ultrasonic Velocity Measuring System (ULT-100). The intent of these 
tests was to gather data supporting the results of the UCS tests, to assist in identifying the age at 
which constant material strength is achieved. Ultrasonic velocity test results, for Sulfaset cement,  
presented in Figure 12 indicate a minor increase in P-Wave and S-Wave velocities from 1-day to 
14-day cure times. P-Wave velocity increased approximately 5.2% and S-Wave Velocity 
increased approximately 4.7% between the 1-day and 14-day cure time. No significant increase 
or decrease in P-Wave or S-Wave velocity was observed between the 14-day and 28-day cure 
time samples. Overall 28-day average P-wave velocity was calculated as 3320 m/s and S-wave 
velocity at 2327 m/s.  
Ultrasonic velocity tests also provided values of elastic modulus and Poisson’s ratio of 
the specimens. No significant changes in these elastic properties were observed throughout the 
28-day curing period. Elastic modulus values ranged from 1.78x107 to 2.21x107 kPa with an 
average value of 1.97x107 kPa. These values are tabulated in Appendix C. 
 
  
Figure 12: Ultrasonic velocities as a function of time for Sulfaset Bolt Anchor cement.  
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3.3.3. 3-D Laser Scans 
To ensure consistent surface geometries and asperity profiles of the cement replicates to 
the original rock specimen, 3-D laser scans of the specimens were collected and compared to the 
original. This was accomplished using a NextEngine Desktop 3D laser scanner (Figure 13, left) 
in conjunction with CloudCompare 3D v2.8 point cloud and mesh processing software (Figure 
13, right).  
 
 
 
Figure 13: NextEngine 3D laser scanner (left) and CloudCompare v2.8 matched surfaces of specimen 
replicate and original rock surface (right). 
 
A macro single-stage scan was conducted for both the top and bottom of each joint 
specimen at the highest possible resolution (160,000 scan points per square inch). All scans were 
performed with the joint surface parallel to the scanner lens at the suggested optimal distance of 
17 cm. Scans were not modified with the exception of trimming away excess scan area when 
included, such as the base on which the joint specimens were placed. Scan files were output as 
ACII STL files as it was determined these worked most seamlessly with the CloudCompare 
software.  
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The scan files were then imported into CloudCompare v2.8 as a point cloud. Using the 
rough point cloud to mesh alignment tool, as well as the three-point alignment tool when 
necessary, the point cloud of the specimen was aligned with the point cloud of the respective 
original rock specimen (Figure 13, right). Once aligned the two surfaces could be compared with 
a maximum resolution of 1x10-8 mm using the compute cloud-mesh distance function. A 
distance comparison is then performed on the two surfaces at each of the roughly 400,000 to 
750,000 matched cloud points. The distance between these points is measured and plotted as a 
bin-histograph graph. (Figure 14). 
 
Figure 14: Histogram of C2M (cloud-to-mesh) distance comparison. 
 
Cloud comparisons for all replicate specimens demonstrated that of the 400,000 to 
750,000 matched points for each comparison, almost all points were within 0.5 mm of the 
original specimen with the majority within 0.25 mm. This indicates the replicate specimen 
surface geometries are very consistent with both the original rock specimen, and with each other. 
Histograms of all pre-shear and post-shear scans performed can be seen in Appendix D.   
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3.4. Direct Shear Test Methods 
All direct shear tests were performed using a GCTS RDS-200 servo-controlled direct 
shear system (Figure 15).  Normal and shear displacement are recorded using linear variable 
differential transformers (LVDTs) of current calibration.  Normal load cell and shear load cell 
calibrations were current as well and the associated CATS-DSH direct shear software was 
updated to the most recent release version 4.5.1.  
All specimens were encapsulated using standardized steel shear rings with a non-shrink 
sulfur-based bolt anchor cement as the encapsulation agent. The exothermic reaction of the 
curing bolt anchor cement causes the specimen temperature to increase during encapsulation. All 
specimens were allowed to cool down to ambient temperatures (65° to 70°F as measured with an 
infrared laser thermometer) prior to testing.  
 
 
Figure 15: GCTS RDS-200 servo-controlled direct shear system. 
 
ASTM (2016) specifies that joints must be sheared in the direction of least strength. This 
was determined qualitatively for each rock joint specimen and shear direction was maintained for 
all tests of each respective specimen. A constant shear displacement rate of 0.2 mm/min was 
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used for all tests performed.  The Standard procedure does not require the tests to be performed 
at any specific shear rate, only requiring that the rate chosen remain constant (ASTM, 2016).  
Previous work by Patton (1966), in which kaolinite-plaster specimen replicates which were 
sheared at a rate of 1.6 mm/min, as well as by Kimura et al. (1993), in which plaster replicates 
were sheared at a rate of 1.5 mm/min suggest the rate chosen for this study is fairly moderate. 
Much slower shear rates have been used, such as 0.05 mm/min by Quansheng et al. (2017). 
However, it was determined that a rate this slow would not be necessary for this study.  
A consistent total shear displacement of 2.5 mm was used in the Standard and 
undamaged single-stage tests. This was done to ensure that the potential asperity damage was 
equivalent for the tested specimens. As the focus of this study is peak shear stress, which is 
reached well before 2.5 mm in all specimens, further shear displacement would not provide 
additional useful data. 
3.4.1. Normal Stress Values 
The first phase of direct shear testing, conducted on the single joint specimen M3, was 
performed using the normal stress values of 90 kPa, 180 kPa, and 270 kPa. These are relatively 
low normal stresses coinciding with relatively shallow depths. Using the simple equation   
  𝝈𝝈𝒏𝒏 = 𝝆𝝆𝝆𝝆𝝆𝝆  Equation (2) 
  
where σn is overburden stress, ρ is the density of overburden material assuming ρ=2700 kg/m3 
(Gonzalez de Vallejo, 2011), g is the acceleration of gravity (9.81 m/s2), and h is overburden 
thickness, these normal stresses correspond to depths of roughly 3, 7, and 10 meters. Rock slope 
failures at shallow depths such as these are common (Abdullah et al., 2015). The second phase of 
testing, on joint specimens M4, M5, and M6, was conducted using stress values of 200 kPa, 400 
kPa, and 600 kPa corresponding to rock depths of approximately 8, 15, and 23 meters. The 
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normal stress values were increased for this phase of the project because the joint specimens 
used in this phase were much smaller in terms of surface area and it would have been difficult to 
achieve lower normal stress values with the available equipment. Although larger, the values are 
still of the same order of magnitude and would be considered to correspond to very shallow 
depths. These normal stress values represent the total stress exerted onto the specimen in the 
normal direction and are inclusive of the 0.2 kN steel top platen as well as the weight of the 
sample and shear rings.   
3.4.2. Different Versions of the Direct Shear Test 
Three different versions of the direct shear test were conducted for this project. The 
undamaged single-stage direct shear tests were conducted to establish baseline “undamaged” 
peak shear stress values for all specimens at the selected normal stress values. The results of the 
other two test methods were then compared to the “undamaged” results in order to establish their 
relative accuracy.  
1) The single-stage undamaged direct shear tests were performed by shearing a single 
undamaged joint specimen replicate one time at a single normal stress to the full target 
displacement of 2.5 mm. The results from these tests were the benchmark values by which the 
accuracy of the Standard and LDMDS test results were compared. At least six single-stage 
undamaged shear tests were performed for each joint specimen, with two tests performed at each 
normal stress. Including non-valid tests, a total of 32 single stage undamaged shear tests were 
conducted for this study.   
2) Standard direct shear tests were performed following current Standard procedures 
(ASTM, 2016; Ulusay, 2014) in which a single specimen is sheared under three successive 
normal stresses, as seen in Figure 3. The single specimen replicate is sheared until a satisfactory 
29 
residual strength is reached for each normal stress, for this study determined to be the total 
displacement of 2.5 mm. The specimen is then returned to its original pre-shear mated position, 
the next successive normal stress is applied, and the test is repeated for all three normal stress 
values. It should be noted that the first stage, at the lowest normal stress, doubles as an 
“undamaged” test as it is the first time the specimen is being displaced. At least two valid 
Standard direct shear tests were performed per each joint specimen. Including non-valid tests, a 
total of 10 Standard direct shear tests were performed.  
3) The limited displacement multi-stage direct shear test, as developed by Bro (2013), 
consists of initially subjecting a single specimen to the lowest normal stress and shearing a very 
small distance, just until peak shear stress is observed. The test is then immediately paused to 
minimize total shear displacement and potential surface damage, the next highest normal stress is 
applied and displacement is continued. Again, once peak shear stress is observed the test is 
quickly paused to limit shear displacement. The normal stress is increased once more to the 
highest stress, and the test is continued until peak shear stress and a stable post-peak shear are 
reached. Once post-peak stress under the highest normal stress is stable, the normal stress is 
reduced to the lowest value and the specimen sheared (without returning to the original position) 
until stable post-peak strength is established. This procedure is repeated again for the second 
highest normal stress. Finally, the normal stress is then increased back to the highest value and 
the specimen is sheared until stable post-peak strength is observed. Figures 4 and 5 show sample 
diagrams of the LDMDS test method. At least two valid LDMDS tests were performed for each 
joint specimen. Including non-valid tests, a total of 14 LDMDS direct shear tests were performed 
during the course of this study.  
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 Direct Shear Test Results and Discussion 
Direct shear test results were recorded and saved within the CATS-DSH software then 
exported into Microsoft Excel to be plotted and interpreted. Peak shear strengths were 
determined from the maximum shear stress values recorded during the test. These peak shear 
stress values can be observed as the maximum shear stress achieved on the shear stress vs. shear 
displacement graphs seen below (Figures 17 to 28). Peak shear strengths recorded for each 
normal stress were used with corresponding normal stresses to determine the Mohr-Coulomb 
strength parameters of joint friction angle and joint shear intercept for each joint specimen. 
Results and discussion of the direct shear tests, arranged per each joint specimen, are included in 
the following sections. Additionally, Appendix E displays shear stress and normal displacement 
vs. shear displacement plots for all tests. 
At least two direct shear tests were conducted for each testing stage: 
Undamaged_200kPa, Undamaged_400kPa, Undamaged_600kPa, Standard, and LDMDS. If the 
two initial tests did not produce peak shear stress values within ±15%, additional tests were 
conducted until at least two tests yielded peak shear stresses within the desired error tolerance.  
The variability of recorded peak shear stresses is attributed to slight differences in 
orientation of the joint discontinuity specimens as tested. Very minor differences in the tilt of the 
specimen and orientation to the shear ram have been observed to cause significant variation in 
observed accumulation of shear stress. Due to the relatively rudimentary way in which these 
specimens must be positioned for casting, these variations are difficult to avoid and identify prior 
to testing the specimen. Although a tighter tolerance would be ideal, for this study, specimens 
that produce peak shear stress values within ±15% variation in a given test regime are considered 
to be acceptable. 
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In addition to shear stress, normal displacement was recorded for each test conducted. 
The normal displacement data were used to indicate how the specimens contracted and dilated 
during shear displacement, which can be interpreted as asperity closure (contraction) or the 
displacement of asperities over one another (dilation). Normal displacement was found to be 
consistent within each specimen for all tests conducted. Figure 16 is an example plot of normal 
displacement vs. shear displacement data for one of the specimen, with contraction of the joint 
being positive (downward) and dilation being negative (upward) normal displacement. 
Additionally, dilation angles were calculated for each specimen and can be seen in Appendix L.  
 
Figure 16: Example normal displacement vs. shear displacement data. Note that the y-axis is positive in the 
downward direction. 
 
4.1. Specimen M3 (JRC 8-10) Direct Shear Test Results 
Joint specimen M3 is a rectangular specimen of granitic rock with a JRC of 8-10. 
Replicates of this specimen were cast using Type III high early strength cement and were tested 
in the initial phase of this study under normal stress values of 90 kPa, 180 kPa, and 270 kPa.  
A total of eight single-stage undamaged tests were conducted for specimen M3.  Figure 
17 displays plots of shear stress vs. shear displacement for all single-stage undamaged tests 
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conducted for this specimen, with data from valid tests shown in color and non-valid tests shown 
in black. Test “270_3” demonstrated a shear stress vs. shear displacement curve with a far more 
gently curving peak shear stress range as compared to the other tests, indicative of damage to the 
specimen during test preparation and is therefore considered non-valid. This non-valid test was 
not included in the calculation of the Mohr-Coulomb strength parameters for this specimen. 
Inspection of the valid plots suggests that peak shear stresses at the lowest and highest normal 
stresses of 90 kPa and 270 kPa were most consistent and within 10% difference. At 180 kPa, 
peak strengths were slightly less consistent at 12% difference. Although post-peak shear 
behavior is not of primary significance to this study, it was also observed that post-peak behavior 
of the specimens was consistent at each respective normal stress. 
Additionally, as mentioned in section 3.0, single-stage undamaged direct shear tests were 
previously conducted on replicates of Specimen M3 by Berry et al. (2015) at the same normal 
stress values. The average peak shear stresses demonstrated by Berry closely match those 
collected during this investigation, particularly at the higher normal stress values (Table I), 
suggesting the peak stress values used in this study are reasonable.   
 
Table I: Comparison of single-stage undamaged peak shear stress values as collected for replicates of 
Specimen M3 by Berry et al. (2015) and in this investigation (Petro). 
Normal Stress (kPa) 90 180 270 
AVG Peak Shear Stress (kPa): Berry et al. (2015) 167 236 367 
AVG Peak Shear Stress (kPa): Petro 137 226 364 
% Difference 20 % 4 % 1 % 
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Figure 17: Plots of shear stress vs. shear displacement for all single-stage undamaged direct shear tests 
performed on specimen M3 (JRC 8-10).  
 
A total of three Standard tests were conducted on specimen M3. Figure 18 (top) displays 
plots of shear stress vs. shear displacement for all Standard tests conducted for specimen M3 
with data from valid tests shown in color and non-valid tests shown in black. Test “_3” was 
determined to be non-valid because this test was performed as an initial test, prior to establishing 
2.5 mm shear displacement target used for all other tests. Therefore, this specimen was only 
sheared approximately 1.5 mm and would not have experienced the same amount of damage as 
other tests, thus impacting the consistency of tests performed at successive normal stress values. 
This single non-valid test was not included in the calculation of the Mohr-Coulomb strength 
parameters for this specimen. 
Figure 18 (bottom) displays only the valid shear stress vs. shear displacement test data for 
the Standard direct shear tests conducted on specimen M3. Peak stresses for valid tests at all 
normal stresses were very consistent, within less than 10% difference, with the 180 kPa peak 
strengths demonstrating the least agreement, as was also observed with the single-stage tests. 
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Peak shear stress for all normal stresses were observed within a shear displacement range of 0.28 
to 0.42 mm. Specimens under lower normal stresses reached peak shear stress with lesser 
amounts of total displacement as compared to those under higher normal stresses. The joint 
surfaces were not perfectly mated at the beginning of the 180 kPa stage of test “180_2” causing 
slight offset in initial shear displacement. This was corrected by adjusting the shear displacement 
values by -0.05 mm for this test to better align the curves for visual comparison.  
 
 
 
Figure 18: Plots of shear stress vs. shear displacement for all Standard direct shear tests performed on 
specimen M3 (JRC 8-10). All tests (top) and valid tests (bottom). 
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A total of four LDMDS tests were performed on specimen M3. Figure 19 (top) displays 
plots of shear stress vs. shear displacement for all LDMDS tests conducted for specimen M3 
with data from valid tests shown in color and single non-valid test shown in black for the entire 
range of displacement. This test method required that the specimens be sheared in excess of the 
target 2.5 mm of total displacement used for undamaged and Standard tests. The LDMDS tests 
were displaced a total distance of 8.0 mm in order to allow the post-peak strengths to stabilize. 
This relatively large amount of shear displacement caused small pieces at the edge of the 
specimen to break off during the tests. This can be seen in the LDMDS results plot as sudden 
drops in shear stress, particularly noticeable in the post-peak shearing stage of test “270_2”.  Test 
“_4” displayed significantly higher peak and residual shear stresses at all normal stress values as 
compared to other tests. It was observed that the test “_4” specimen, seen in black, compressed 
an additional 0.1 mm in the normal direction when the normal stress was first applied, suggesting 
this specimen was improperly aligned as compared to other LDMDS tests and therefore this test 
was determined to be non-valid. This non-valid test was not included in the calculation of the 
Mohr-Coulomb strength parameters for this specimen. Figure 19 (bottom) is a plot of the same 
data showing only the portion of the test corresponding to shear displacements of 0 to 0.65 mm 
to better highlight the peak shear strengths at each normal stress. Peak shear strengths for all 
valid tests were very similar within less than 8% difference at all normal stress values.  
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Figure 19: Plots of shear stress vs. shear displacement for all LDMDS direct shear tests performed on 
specimen M3 (JRC 8-10). All tests (top), full range, and valid test data peak range (bottom). 
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normal stresses of 200 kPa, 400 kPa, and 600 kPa.  
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A total of nine undamaged single-stage tests were conducted for specimen M4. Figure 20 
(top) displays plots of shear stress vs. shear displacement for all single-stage undamaged tests 
performed for specimen M4, including non-valid tests shown in black. The non-valid tests, 
“200_3”, “400_3”, and “600_3” all demonstrated peak shear stress values significantly lower 
than other tests at the respective normal stress. Figure 20 (middle) displays a plot of the normal 
displacement vs. shear displacement, with the slope of the linear portion of each line representing 
the dilation angle of the specimen.  Test “200_3” demonstrated a negative dilation angle, 
indicating improper vertical alignment during test preparation. Test “400_3” exhibited a shear 
stress vs. shear displacement curve with a significantly more gradual peak stress range, 
suggesting the specimen may have been damaged prior to testing. The peak shear stress of test 
“600_3” was more than a 30% lower than the next closest peak stress of the same test, indicating 
significant damage or misalignment during test preparation.  
Figure 20 (bottom) displays only the valid shear stress vs. shear displacement test data for 
single-stage undamaged tests conducted on specimen M4. Peak shear stresses for valid tests 
conducted at the 200 kPa and 400 kPa normal stress were within 6% difference. Peak shear 
stresses for valid tests conducted at the 600 kPa normal stress were within 12% difference. Peak 
shear stress for all normal stresses were observed within a shear displacement range of 0.21 to 
0.45 mm. Specimens under lower normal stresses reached peak shear stress with lesser amounts 
of total displacement as compared to those under higher normal stresses. Post-peak behavior was 
observed to be consistent between tests at each normal stress.  
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Figure 20: Plots of shear stress vs. shear displacement for all (top), and valid (bottom) single-stage 
undamaged direct shear tests performed on specimen M4 (JRC 0-2) and normal displacement vs. shear 
stress (middle) for all 200 kPa stage tests displaying specimen dilation.  
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A total of three Standard tests were conducted for discontinuity specimen M4. Figure 21 
(top) displays the results of all Standard direct shear tests performed on specimen M4, including 
the non-valid test shown in black. Standard test “_3”, the first stage of which coincides with 
Single-stage undamaged test “90_3”, exhibited a negative dilation angle (Figure 20 middle), 
indicating vertical misalignment (tilt) within the testing apparatus and was therefore considered 
non-valid. This single non-valid Standard test was not included in the determination of the Mohr-
Coulomb strength parameters for this specimen.  
Figure 21 (bottom) displays only the valid shear stress vs. shear displacement test data for 
the Standard direct shear test conducted on specimen M4. Peak shear stresses for valid tests 
under the 200 kPa normal stress stage were very similar at 6% difference. Under the higher 
normal stresses 400 kPa and 600 kPa, peak shear stresses were more variable at 14% and 15% 
respectively. These are the highest percent differences recorded for any valid tests in this study, 
and this is attributed to the fact that this specimen is particularly sensitive to very slight 
differences in how it was set up in the testing apparatus because of its very smooth discontinuity 
surface. 
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Figure 21: Plots of shear stress vs. shear displacement for all Standard direct shear tests performed on 
specimen M4 (JRC 0-2). All tests (top) and valid tests (bottom). 
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stresses were considerably lower than single-stage tests, it was believed that tests “_3” and “_4” 
were excessively damaged during testing and were thus considered non-valid. Additionally, test 
“_4” had to be ended early due to an equipment malfunction. These two non-valid tests were not 
included in the calculation of the Mohr-Coulomb parameters of this specimen. Figure 22 
(bottom) is a plot of the shear stress vs. shear displacement data over only the portion of the test 
corresponding to the shear displacements of 0 to 0.5 mm to better display the peak shear stress 
range. Peak shear strengths for the two valid tests were consistent and within 11% difference of 
one-another at each normal stress value.  
 
  
 
Figure 22: Plots of shear stress vs. shear displacement for all LDMDS direct shear tests performed on 
specimen M4 (JRC 0-2). All tests (top), full range, and all test data peak range (bottom). 
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4.3. Specimen M5 (JRC 4-6) Direct Shear Test Results 
Joint specimen M5 is a core-run joint within anorthosite and has a JRC of 4-6. Replicates 
of this specimen were cast using Sulfaset High Speed, Expansive Bolt Anchoring cement and 
were tested in the second phase of this study under normal stresses of 200 kPa, 400 kPa, and 600 
kPa. 
A total of nine undamaged single-stage tests were conducted for discontinuity specimen 
M5. Figure 23 (top) displays plots of shear stress vs. shear displacement for all single-stage 
undamaged test conducted for this specimen, including non-valid tests shown in black. Two tests 
conducted at the 600 kPa normal stress, “600_4” and “600_5” were non-valid due to equipment 
malfunctions in which the normal actuator would begin to fluctuate normal stress and the test 
needed to be ended immediately. The observed peak shear stress of test “600_3” was within 7% 
difference of the next closest valid test; however, the rounded shape of the shear stress curve, in 
contrast to the definitive peak observed in the two other tests, suggests the specimen surface may 
have been damaged during specimen preparation and this test was therefore determined to be 
non-valid. These three non-valid tests were not used in the calculation of the Mohr-Coulomb 
parameters for this specimen.  
Figure 23 (bottom) displays only the valid shear stress vs. shear displacement data for 
single-stage undamaged tests conducted on specimen M5. Peak shear stresses for valid tests 
conducted at the 200 kPa and 400 kPa normal stress were within 5% and 6% difference, 
respectively. Peak shear stresses for valid tests conducted at the 600 kPa normal stress were 
within 10% difference. Peak shear stress for all normal stresses were observed within a shear 
displacement range of 0.29 to 0.41 mm. Specimens under lower normal stresses reached peak 
shear stress with lesser amounts of total displacement as compared to those under higher normal 
stresses. Post-peak behavior was observed to be consistent between tests at each normal stress. 
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Discontinuity specimen M5 displayed a relatively linear decline in shear stress after achieving 
peak stress under all three normal stresses.  
 
  
 
Figure 23: Plots of shear stress vs. shear displacement for all single-stage undamaged direct shear tests 
performed on specimen M5 (JRC 4-6). All tests (top) and valid tests (bottom). 
 
A total of two Standard tests were conducted for discontinuity specimen M5. Peak shear 
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Standard direct shear tests conducted on specimen M5. 
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Figure 24: Plot of shear stress vs. shear displacement for both Standard direct shear tests conducted on 
specimen M5 (JRC 4-6).  
 
A total of three LDMDS tests were conducted for specimen M5. The LDMDS tests were 
displaced a total distance of 5.0 mm to allow the post-peak strengths per normal stress to 
stabilize, significantly farther than the target displacements for the single-stage and Standard 
tests. Figure 25 (top) displays all the LDMDS tests conducted for specimen M5 over the entire 
range of displacement, including the single non-valid test which is shown in black. LDMDS test 
“_3” is non-valid due to an equipment malfunction where the normal stress began to fluctuate 
sharply during the 600 kPa stage of the test. The equipment malfunction did not begin until after 
peak shear stress at the highest normal load was achieved and therefore the peak range of this 
test could potentially be considered valid and the implications of this are discussed further in 
section 4.6. This non-valid test was not used in the calculation of the Mohr-Coulomb strength 
parameters for this specimen. Figure 25 (bottom) is a plot of same shear stress vs. shear 
displacement data showing only the portion of the test corresponding to peak shear range 
displacements of 0 to 0.45 mm.  Peak shear stresses for all valid tests were consistent and within 
less than 7% difference.  
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Figure 25: Plots of shear stress vs. shear displacement for all LDMDS direct shear tests performed on 
specimen M5 (JRC 4-6). All tests (top), full range, and all test data peak range (bottom). 
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4.4. Specimen M6 (JRC 12-14) Direct Shear Test Results 
Joint specimen M6 is a core-run anorthosite joint and represents the roughest specimen in 
this study with a JRC of 12-14. Replicates of this specimen were cast using Sulfaset High Speed, 
Expansive Bolt Anchoring cement and were tested in the second phase of this study under 
normal stresses of 200 kPa, 400 kPa, and 600 kPa. 
A total of six single-stage undamaged tests, as well as several practice tests which are not 
displayed, were conducted for specimen M6. Figure 26 displays the shear stress vs. shear 
displacement data for all single-stage undamaged tests conducted for specimen M6. Peak shear 
stresses for tests conducted at the 200 kPa and 400 kPa normal stress were within 3% and 2% 
difference, respectively. Peak shear stresses for tests conducted at the 600 kPa normal stress were 
within 9% difference. It was observed that the shape of the shear stress vs. shear displacement 
curve the 600 kPa tests had a unique “double peak” that was displayed in both tests. At all 
normal stress values, peak stresses were observed within a shear displacement range of 0.27 to 
0.43 mm. Specimens under lower normal stresses reached peak shear stress with lesser amounts 
of total displacement as compared to those under higher normal stresses. Post-peak behavior was 
mostly observed to be consistent between tests at each normal stress. Although peak strengths 
were only 2% different, post-peak strength of test “400_1” maintained a higher strength as 
compared to test “400_2”.  
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Figure 26: Plot of shear stress vs. shear displacement for all six single-stage undamaged direct shear tests 
performed on specimen M6 (JRC 12-14). 
 
Two Standard tests were conducted for discontinuity specimen M6 and Figure 27 
displays the shear stress vs. shear displacement data for both tests. Peak shear stresses at each 
normal stress value were very consistent, within 4% at 200 kPa, 2% at 400 kPa, and 5% at  
600 kPa.   
 
 
Figure 27: Plot of shear stress vs. shear displacement for both Standard direct shear tests performed on 
specimen M6 (JRC 12-14).  
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A total of three LDMDS tests were conducted for specimen M6. The LDMDS tests were 
displaced a total distance of 6.5 mm to allow the post-peak strengths per normal stress to 
stabilize. Figure 28 (top) displays plots of shear stress vs. shear displacement for all LDMDS 
tests conducted over the entire range of displacement and Figure 28 (bottom) is a plot of the 
same data zoomed into the peak shear range, from 0 to 0.8 mm, to better demonstrate shear stress 
accumulation within this range. Peak shear stresses for all three tests were very consistent, with 
less than 10% difference at all normal stress values, with the exception of the 400 and 600 kPa 
stages of test “_3”; Therefore only the peak shear stress value at the 200 kPa normal load  for test 
“_3” was included in the calculation of the Mohr-Coulomb parameters as seen in Table V. 
 
 
 
Figure 28: Plots of shear stress vs. shear displacement for all LDMDS direct shear tests performed on 
specimen M3 (JRC 8-10). All tests (top), full range, and valid test data peak range (bottom). 
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4.5. Post-Shear Surface Damage Inspection 
As expected, the majority of the discontinuity surface damage done to each sample 
during the shear tests was concentrated within the same asperities for each joint specimen. As 
observed by Leal-Gomes (2007), shear stress during a direct shear test tends to accumulate on 
the most dominant asperities or geometric features of the discontinuity surface. Figures 29 - 32 
are representative photographs of the typical damage observed post-shear for each discontinuity 
specimen. 
 
Figure 29: Typical post-shear surface damage, specimen M3 (JRC 8-10). 
 
 
Figure 30: Typical post-shear surface damage, specimen M4 (JRC 0-2). 
 
 
50 
 
Figure 31: Typical post-shear surface damage, specimen M5 (JRC 4-6). 
 
 
Figure 32: Typical post-shear damage, specimen M6 (JRC 12-14). 
 
In an attempt to quantify the testing induced surface damage, all valid test specimens 
were scanned using the same techniques and equipment as in the initial pre-shear scans. These 
scans were then compared to the initial pre-shear scans using the same CloudCompare software 
and procedure. In general, the CloudCompare point-cloud comparisons were not able to detect 
the areas of damage as quantifiable points or as a shift in the distribution of distance values. This 
is believed to be primarily due to the fact that the damage to the asperities is small enough that 
the laser scanner does not detect the change in distance. Additionally, the damaged areas within 
the specimen surfaces are very light in color and at times have a glossy sheen to them. These 
very light and glossy areas are often not able to be recorded by the laser scanner due to the 
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reflective nature creating holes in the scan pointcloud as seen in Figure 33. Therefore, the 
CloudCompare cloud comparisons of the pre-shear and post-shear point clouds of the individual 
specimens did not discern any useful data.  Figure 34 is an example of these results showing the 
pre-shear and post-shear surfaces matching very closely.   
 
 
Figure 33: Example of holes in scan pointcloud due to reflective damaged areas of specimen surface. 
 
 
 
Figure 34: Post-shear joint surface pointcloud matched to pre-shear pointcloud (left) and distance 
histogram (right). 
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4.6. Mohr-Coulomb Strength Parameters 
For each test method, peak shear stresses at each normal stress value were plotted and 
fitted with a linear trend line. This trend line represents the Mohr-Coulomb failure envelope for 
the respective test method. Figure 35 display the Mohr-Coulomb failure envelope for each of the 
three testing methods, Single-Stage Undamaged, Standard, and LDMDS, for each of the 
discontinuity specimens. The equations of these failure envelopes, as seen in the legends of 
Figure 35, provide a slope and y-intercept value for the trend line. The inverse tangent of the 
slope of this line represents the joint friction angle (φj) of the discontinuity. The y-intercept value 
of this line represents the joint shear strength intercept (Sj). The R2 values for all linear trend 
lines were greater than 0.93, indicating the trend line represents the data sets very closely. Tables 
II through V summarizes the direct shear test data displayed in the Figure 35. 
The results of the directs shear tests demonstrate that for all joint specimens the Mohr-
Coulomb strength parameters interpreted from by the LDMDS test were, with one exception, 
more accurate than those determined from the Standard method when compared to single-stage 
undamaged strength parameters (Table VI).  The LDMDS test method consistently yielded more 
accurate friction angles, and in all but one case (Specimen M6), demonstrated more accurate 
joint shear intercept values. As was demonstrated by previous research (Berry et al., 2015), it 
was anticipated that the Standard method would underestimate friction angle, and overestimate 
joint shear intercept. The results of the laboratory direct shear tests demonstrated this prediction 
to be accurate for all joint specimens.  
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Figure 35: Mohr-Coulomb Failure Envelopes for specimen M3 (top left), M4 (top right), M5 (bottom left), and M6 (bottom right). 
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Table II: Summary of discontinuity specimen M3 (JRC 8-10) direct shear test data. 
SPECIMEN M3 Peak Shear Stress Mohr-Coulomb Parameters 
Test ID 90 kPa 
180 
kPa 
270 
kPa 
Joint Friction 
Angle ° (φj) 
Joint Shear 
Intercept kPa 
(Sj) 
Single-stage Undamaged _1 130 213 350 51 10 
Single-stage Undamaged _2 139 240 377 53 14 
Single-stage Undamaged_3 144 - - - - 
Standard_1 130 169 198 21 97 
Standard_2 139 187 215 23 104 
LDMDS_1 137 239 332 47 41 
LDMDS_2 136 229 301 42 57 
LDMDS_3 128 219 301 44 43 
AVG Single-stage Undamaged 137 226 364 52 20 
AVG Standard 134 178 206 22 100 
AVG LDMDS 137 234 317 44 47 
 
 
 
 
Table III: Summary of discontinuity specimen M4 (JRC 0-2) direct shear test data. 
SPECIMEN M4 Peak Shear Stress Mohr-Coulomb Parameters 
Test ID 200 kPa 
400 
kPa 
600 
kPa 
Joint 
Friction 
Angle ° (φj) 
Joint Shear 
Intercept kPa 
(Sj) 
Single-stage Undamaged _1 216 483 540 39 85 
Single-stage Undamaged _2 229 457 607 43 53 
Standard_1 216 540 422 27 112 
Standard_2 229 607 491 33 103 
LDMDS_1 227 376 510 35 88 
LDMDS_2 205 335 461 33 78 
AVG Single-stage Undamaged 223 470 574 41 71 
AVG Standard 223 574 457 30 108 
AVG LDMDS 216 355 485 34 83 
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Table IV: Summary of discontinuity specimen M5 (JRC 4-6) direct shear test data. 
SPECIMEN M5 Peak Shear Stress Mohr-Coulomb Parameters 
Test ID 200 kPa 
400 
kPa 
600 
kPa 
Joint 
Friction 
Angle ° (φj) 
Joint Shear 
Intercept kPa 
(Sj) 
Single-stage Undamaged_1 351 646 921 55 70 
Single-stage Undamaged _2 369 608 837 49 137 
Standard_1 351 487 636 35 207 
Standard_2 369 483 656 38 216 
LDMDS_1 318 521 671 41 150 
LDMDS_2 343 541 711 43 164 
AVG Single-stage Undamaged 360 627 879 52 104 
AVG Standard 360 485 646 36 212 
AVG LDMDS 331 531 691 42 157 
 
 
 
Table V: Summary of discontinuity specimen M6 (JRC 12-14) direct shear test data. 
SPECIMEN M6 Peak Shear Stress Mohr-Coulomb Parameters 
Test ID 200 kPa 
400 
kPa 
600 
kPa 
Joint 
Friction 
Angle ° (φj) 
Joint Shear 
Intercept kPa 
(Sj) 
Undamaged Single-stage_1 386 675 830 48 190 
Undamaged Single-stage_2 401 661 760 42 250 
Standard_1 386 508 614 30 275 
Standard_2 401 517 645 31 277 
LDMDS_1 312 538 735 47 106 
LDMDS_2 293 508 687 45 102 
LDMDS_3 285 *463 *598 *38 *136 
AVG Undamaged Single-stage 395 668 795 45 219 
AVG Standard  393 513 630 31 275 
AVG LDMDS 303 523 711 46 93 
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Table VI: Summary of Mohr-Coulomb parameters for all joint specimens. 
Specimen Test Method 
Joint 
Friction 
Angle ° 
(φ) 
(φj)                          
% Error 
Joint 
Shear 
Intercept 
kPa (Sj)  
(Sj)                      
% Error 
M3 
(JRC 8-
10) 
AVG Undamaged Single-stage 52 - 20 - 
AVG Standard Multi-stage 22 57.7% 100 400% 
AVG LDMDS 44 15.4% 47 135% 
M4 
(JRC 0-2) 
AVG Undamaged Single-stage 41 - 71 - 
AVG Standard Multi-stage 30 26.8% 108 52.1% 
AVG LDMDS 34 17.1% 83 16.9% 
M5 
(JRC 4-6) 
AVG Undamaged Single-stage 52 - 104 - 
AVG Standard Multi-stage 36 30.8% 212 103.8% 
AVG LDMDS 42 19.2% 157 51.0% 
M6 
(JRC 12-
14) 
AVG Undamaged Single-stage 45 - 219 - 
AVG Standard Multi-stage 31 31.1% 275 25.6% 
AVG LDMDS 46 2.2% 93 81.8% 
 
 
When visually comparing the plots in Figure 35, three observations are apparent: 
 
1) One specimen in particular, specimen M3 (JRC 8-10), demonstrated the most 
significant improvement in accuracy of friction angle and joint shear intercept by the LDMDS 
test method as compared to the Standard test method. Specimen M3, the only rectangular cut 
joint specimen, had a significantly larger joint surface area as compared to the other specimens 
which were all core-run joint specimens. It is speculated that by having a larger joint surface 
area, there are more potential asperities by which the specimen can interlock and accumulate 
shear stress, even with minor amounts of displacement. The core-run specimens with much 
smaller surface areas are limited to a much smaller number of asperities by which shear stress 
can accumulate without the specimen slipping and are therefore more “sensitive” to minor 
amounts of displacement. Consequently, the implemented peak stress identification procedure, 
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involving displacement to the point of the first increment of reduction in shear stress which 
displaces the specimens past the first “key” asperities, has more of an effect on the smaller 
specimens because there are no other similar “key” asperities available to provide the same 
amount of shear resistance.   
2) For the roughest specimen M6 (JRC 12-14), the LDMDS method captured the correct 
friction angle but underestimated the joint shear intercept. The significant increase in accuracy 
of measured Mohr-Coulomb parameters by the LDMDS method for rougher specimens, such as 
M3 and M6, suggest that additional shear displacement leads to significantly more damage to the 
joint surfaces. Evidence of this damage was seen in specimen M6 when observing the shear 
stress vs. shear displacement curves of the single-stage undamaged tests as compared to Standard 
tests at the highest normal stress value (600 kPa). Both valid single-stage undamaged tests at 600 
kPa demonstrated a unique double peak shape, however valid Standard tests at the same normal 
stress demonstrated a relatively flat curve at peak, suggesting the key asperities that produce this 
double peak feature were damaged to the point where they no longer influenced shear stress 
within the specimen.  
Several practice direct shear tests were conducted on specimen M6 as it was a 
particularly difficult specimen to work with due to its high degree of roughness and ellipsoid 
geometry. The relatively large and overlapping range of peak stress values for this specimen 
observed in the practice tests suggests that additional tests would be required to produce more 
definitive results.  
3) For the two smoothest specimens, M4 (JRC 0-2) and M5 (JRC 4-6), the failure 
envelopes corresponding to the LDMDS and Standard methods clearly matched each other more 
closely than they match the undamaged failure envelope. The closer agreement of the LDMDS 
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and Standard joint friction angles for the smoother specimens (13% difference for M4 and 15% 
difference for M5) compared to the differences relative to the undamaged joint friction angles 
(17% to 31%) is likely a combination of 1) lower error in the Standard tests for the smoother 
specimens and 2) higher error in the LDMDS tests for the smoother specimens, both of which 
may be attributed to the smaller influence of the asperities. Additionally, for all LDMDS tests 
conducted on Specimen M4, including the non-valid tests, the peak shear strengths observed in 
both the second and third stages of testing were significantly lower than single-stage undamaged 
peak stress values at those normal stresses. This suggests that the LDMDS method did not 
succeed in capturing undamaged peak shear stress values after the shear displacement 
experienced by the specimen during the initial normal stress stage. Also, the single non-valid 
LDMDS test conducted on specimen M5, which was ended due to equipment problems which 
occurred after peak values were obtained, demonstrated shear strengths very similar to those 
obtained in undamaged tests of that specimen and were significantly higher than those obtained 
in the two valid LDMDS tests. This suggests that the LDMDS test may have been able to obtain 
more accurate peak strength values for this specimen. Unfortunately, these values were not 
repeatable in successive LDMDS tests and therefore the implications of these “alternative” shear 
strength values are uncertain. 
These findings support the initial prediction that the LDMDS method would not 
demonstrate as significant an improvement in strength parameter accuracy over the Standard 
method for smoother, less rough, joint specimens. It was believed that testing induced damage to 
the relatively flat surfaced specimens would be very minimal as there are no prominent asperities 
for stress to accumulate upon and cause significant damage. This would make the additional 
shear displacement of the Standard method, and thus additional potential damage, less impactful 
59 
on observed peak shear stress values. The results of the laboratory direct shear tests suggest that 
although technically the LDMDS test method provides more accurate strength parameters for 
discontinuities of all roughnesses, they are only marginally more accurate than those determined 
by Standard test methods for the smoother specimens.  
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 Numerical Models of the Direct Shear Tests  
To further substantiate the laboratory test results, direct shear models were created using 
2-D Universal Distinct Element Code (UDEC) version 6.0.305. The purpose of the UDEC 
modeling was to create simple numerical models simulating the physical direct shear tests 
conducted in the laboratory and compare the physical and model results. More specifically, the 
peak shear stresses observed from the numerical models would be compared against those 
demonstrated by each specimen in single-stage undamaged laboratory tests to determine if the 
laboratory values were reasonable.  Alternatively, the experimental data can provide validation 
that the numerical models provide realistic results.  
5.1. Model Description 
Initially, a base model was created to be modified for use with varied normal stress 
values and joint constitutive models. This model consisted of two rectangular blocks positioned 
one on top of the other, separated by a single discontinuity feature, simulating the top and bottom 
of the physical joint specimen separated by the discontinuity. The upper block was 75 mm wide 
and the lower block was 125 mm wide, both blocks were 50 mm in height. The bottom block 
was kept slightly longer than the top block to maintain a constant joint length between the two 
while the model is displaced as the Barton-Bandis joint model requires the user prescribed joint 
length (defined as 75 mm) to be maintained (Itasca, 2018).  
 Block rounding and block edge length parameters were kept at default auto-set values of 
1.25x10-3 and 2.5x10-3 respectively. Rounding and edge radius can be increased in order to 
resolve boundary overlap issues, at the cost, however, of decreased data resolution. The default 
auto-set values were found to be sufficient for all models. To model the blocks as deformable 
materials, the blocks were zoned with a block zone scale of 0.01. A lower block zone scale 
61 
would further discretize the model potentially allowing for higher resolution of the shear stress 
values along the discontinuity but would require greater computing time. A higher block edge 
length ratio would function inversely. The block zone scale of 0.01 was judged to provide an 
acceptable balance of model resolution and computing time.  
The model block material properties were assigned using data gathered from the 
ultrasonic velocity tests conducted on the Bolt Anchor Sulfaset Cement from which the M4 – M6 
specimen replicates were cast. The blocks were modeled as elastic as the shear stresses 
experienced under the assigned normal stresses were low enough as compared to the replicate 
material strength that failure would not occur within the intact block material. Block material 
density was set as 2400 kg/m3, as consistent with densities collected during ultrasonic and UCS 
testing. Bulk and shear moduli were assigned to be 1.38x108 Pa and 1.04x108 Pa, respectively, 
corresponding to an elastic modulus of 2.5x108 Pa and a Poisson’s ratio of 0.2.  
Boundary conditions were applied to the blocks to simulate the conditions of the 
laboratory direct shear test. The base and sides of the lower block were fixed in the x and y-
directions, simulating the encapsulated bottom portion of the joint specimen fixed in the testing 
apparatus. The appropriate normal stress was applied to the top of the upper block, simulating 
the normal stress exerted by the normal actuator in the laboratory testing apparatus. Lastly, 
gravity was applied to the model at 9.81 m/s2 in the negative y-direction. Figure 36 also shows 
the boundary and stress conditions applied to the model.  
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Figure 36: UDEC model geometry and boundary conditions. 
 
The models were run in an elastic state to establish initial equilibrium prior to applying 
shear displacement. The maximum unbalanced force was plotted vs. timestep (Figure 37) to 
determine if the model was stable and could reach equilibrium. It was determined that the models 
were stable because the plot indicated that the unbalanced force approaches zero and drops 
below the default tolerance value at timestep 9352. Table VII summarizes the general model 
input parameters.  
Table VII: Summary of UDEC model block material parameters. 
Model Parameter Value 
Mass-Density (kg/m3) 2400 
Bulk Modulus (Pa) 1.38E8 
Shear Modulus (Pa) 1.04E8 
Elastic Modulus (Pa) 2.5E8 
Poisson’s Ratio 0.2 
Gravity (m/s2) 9.81 
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Figure 37: Maximum unbalanced force (y-axis) vs. timestep (x-axis) for model initial equilibrium. 
 
After achieving static equilibrium under gravity, the laboratory direct shear test was 
simulated by subjecting the top block to a prescribe horizontal (x-direction) velocity. The x-
velocity applied was equivalent to the laboratory shear rate of 0.2 mm/min and all simulations 
were run until peak shear stress was achieved. Shear stress and displacement were calculated 
using a FISH function derived from an example in the UDEC users manual (Itasca, 2018. FISH 
is a programming language embedded within all Itasca programs that enables the user to define 
new variables and functions (Itasca, 2018). This FISH function uses a programming loop to 
determine shear stress with each step in shear displacement. Shear stress and shear displacement 
data were recorded as the model was run and cycled. These data were then exported and plotted 
to obtain shear displacement vs. shear stress graphs similar to those collected in the laboratory 
tests. Figure 38 represents an example shear displacement vs. shear stress plot as output by 
UDEC.  
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In addition to this data, horizontal displacement (Figure 39) and shear stress within the 
block (Figure 40) were monitored for each model as well. Data from these plots were exported 
and plotted within Microsoft Excel for better interpretation. 
 
Figure 38: Model output of shear stress (y-axis, Pa) vs. shear displacement (x-axis, mm). 
 
 
Figure 39: Example model of shear (XY) stress accumulating in the blocks as the top block is displaced. 
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Figure 40:  Example model of x-displacement vectors demonstrating motion of top block as model is 
cycled.  
 
Comparative models were created using the two different joint constitutive models 
(Coulomb Slip (Area) and Barton-Bandis) as previously described in section 2.5, with model 
details and results summarized in the following section.  
5.2. Coulomb Slip (Area) Models and Results 
The Coulomb Slip (Area) models were assigned joint properties collected from 
laboratory single-stage undamaged direct shear test data. These values consisted of a joint shear 
stiffness, calculated by averaging the quotient of the laboratory peak shear stress and 
displacement at peak stress for each specimen, a joint normal stiffness estimated at one order of 
magnitude larger than shear stiffness as suggested by the UDEC users manual (Itasca, 2018), and 
a default assigned joint dilation angle of 5°. 
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Models were created using the Coulomb-Slip (Area) joint constitutive model for each 
joint specimen at each normal stress value to compare peak shear stress to laboratory results. 
Model parameters were assigned as previously discussed for each discontinuity specimen. As no 
post-peak shear damage can be interpreted by the Coulomb Slip (Area) joint model, all models 
were cycled until the constant peak shear stress was achieved. Figure 41 is a plot of the model 
data exported from the specimen M3 Coulomb Slip (Area) model; the plots corresponding to 
specimens M4-M6 are similar and can be found in Appendix E. Peak shear stresses were 
recorded for each specimen at each normal stress value and, along with joint model parameters, 
are summarized in Table VIII. 
 
 
Figure 41: Coulomb-Slip (Area) model of specimen M3. Plot of shear stress vs. shear displacement for the 
three normal stress values.  
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Table VIII: Summary of Coulomb Slip (Area) model joint properties and peak shear stress values. 
Specimen M3 M4 M5 M6 
Friction Angle (φj) 52° 41° 52° 45° 
Joint Shear Intercept 
(Sj) (kPa) 12 71 104 219 
Joint Shear Stiffness 
(Pa) 8x10
8 1x109 2x109 2x109 
Joint Normal Stiffness 
(Pa) 8x10
9 1x1010 2x1010 2x1010 
Normal Stress (kPa) 90 180 270 200 400 600 200 400 600 200 400 600 
Coulomb Slip (Area) 
Model Peak Shear 
Stresses (kPa) 
127 243 358 243 417 591 348 596 843 413 613 814 
 
 
A sensitivity analysis was performed to identify the effect of certain model parameters on 
calculated peak shear stress. The model parameters investigated were joint friction angle, joint 
shear intercept, joint normal stiffness, and joint shear stiffness. This sensitivity analysis was 
performed on the model generated for discontinuity specimen M5, at a normal stress of 400 kPa. 
This model and normal stress were chosen as they represent the middle range of joint roughness 
and normal stress.  
The graphical results of the sensitivity analysis are displayed in Figure 42 and the 
corresponding values are tabulated in Appendix F.  The results demonstrated that joint friction 
angle has the most significant impact on calculated peak shear stress. Joint friction angle and 
joint shear intercept values were explored over an arbitrary, but realistic, range of +30% to -30%. 
At a 30% increase in joint friction angle, peak shear stress was observed to increase over 68%.  
Joint shear intercept had a much lesser effect, increasing peak shear strength by only 5% with a 
30% parameter increase. As expected, joint normal and shear stiffness have little to no impact on 
the peak shear stress even when varied by a full order of magnitude and are not plotted as these 
parameters were observed to have negligible influence on the results. A full order of magnitude 
decrease in joint shear stiffness however, was observed to cause a significant increase in model 
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cycling time. At the base shear stiffness value of 1x1010 kPa the model required approximately 
70,000 cycles to reach peak shear stress, and at the lessened value of 1x109 kPa required over 
400,000 cycles. The most likely explanation for this is that when the contacts are less stiff in the 
shear direction more slip is allowed per timestep, requiring either smaller timesteps or additional 
contact detection calculations to be run within the model as shear displacement proceeds.  
   
Figure 42: Coulomb-Slip (Area) model sensitivity analysis 
 
The results of the Coulomb Slip (Area) model as compared to the laboratory direct shear 
tests for joint specimen M3 is shown in Figure 43, similar figures for other specimens can be 
seen in Appendix G. As no damage factor can be applied to this type of joint model, only the 
peak range of the models and laboratory tests are plotted. The measured values that can be 
matched are the peak shear strength (highest values) and the stiffness (initial slope). Peak shear 
stresses at all normal stresses were observed to match laboratory results very well and were 
within 12% difference for all discontinuity specimens as seen in Table IX which summarizes the 
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peak shear stresses observed in laboratory tests and the Coulomb Slip (Area) models. The initial 
slopes, representing the joint shear stiffness, also matched relatively well considering the average 
stiffness from the three normal stress values per specimen was used for all normal stress values 
in the model. This explains why the model slopes match laboratory results better at the 90 kPa 
normal stress as compared to the 270 kPa normal stress in Figure 43, as the actual calculated 
stiffness at the 90 kPa value was much closer to the average value used in the model.  
 
Figure 43: Shear stress vs. shear displacement data for Coulomb-Slip (Area) model and laboratory results 
for specimen M3. 
 
Table IX: Summary of percent differences between laboratory peak shear stress values and Coulomb Slip 
(Area) model peak shear stress values.  
Specimen M3 M4 M5 M6 
Laboratory 
Peak Shear 
Stresses (kPa) 
134 226 364 223 470 574 360 627 879 395 668 795 
Coulomb Slip 
(Area) Model 
Peak Shear 
Stresses (kPa) 
127 243 358 243 417 591 348 596 843 413 613 814 
% Difference 5% 7% 1% 8% 12% 3% 3% 5% 4% 4% 9% 2% 
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Given the relative simplicity of this joint constitutive model, and the limited amount of 
parameter inputs, these results demonstrate the Coulomb Slip (Area) model to be an excellent 
simulation of laboratory direct shear testing in regard to determination of peak shear stresses and 
a relatively good simulation of joint stiffness. However, the error observed in the stiffness of the 
Coulomb Slip (Area) models as compared to the laboratory tests are a believed to be a reflection 
of one of the significant limitations of this joint model. This limitation being that joint-scale 
stiffness, as well as other factors that may influence the initial increase of shear stress such as 
joint roughness, cannot be included within Coulomb Slip (Area) joint models. The second joint 
constitutive model included within this study, the Barton-Bandis model, is capable of 
incorporating these joint properties into the model.  
5.3. Barton-Bandis Models and Results 
As mentioned in section 2.5, the Barton-Bandis model was developed to describe the 
effects of surface roughness on discontinuity strength and deformation. The Barton-Bandis 
models were assigned discontinuity properties consistent with the Coulomb Slip (Area) models, 
with the addition of the necessary parameters of joint scale compressive strength, joint roughness 
coefficient, joint length, intact rock uniaxial compressive strength. UDEC requires that Barton-
Bandis joint model parameters be input as MPa and Gg/m3 as compared to other joint 
constitutive models which require input of Pa and kg/m3 (Itasca, 2018).   
The joint normal stiffness and joint shear stiffness were maintained at the same values 
calculated for each joint specimen as discussed in section 5.2. The intact rock uniaxial 
compressive strength was determined to be 75 MPa (40 MPa for specimen M3) based on the 
results of UCS tests as seen in section 3.3.1. Average joint length, friction angle, and joint 
roughness coefficient (JRC) were assigned as the appropriate value for each respective specimen. 
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The Barton-Bandis model also allows damage factors to be applied post-peak shear stress. This 
function was enabled in all Barton-Bandis models created for this investigation.  
As suggested by Abdullah et al. (2015), joint wall compressive strength was estimated 
using the empirical equation (Equation 3) derived developed by Barton and Choubey (1977): 
𝜏𝜏 = 𝜎𝜎𝑛𝑛tan �𝜑𝜑𝑏𝑏 + (𝐽𝐽𝐽𝐽𝐽𝐽) log10 �𝐽𝐽𝐽𝐽𝐽𝐽𝜎𝜎𝑛𝑛 �� Equation (3)  
  
where τ is shear stress, σn is normal stress, φb is base friction angle, and JRC is joint roughness 
coefficient. JCS was calculated for each joint specimen as seen in Table X.  
Models were created using the Barton-Bandis joint constitutive model for each joint 
specimen at each normal stress value to compare peak shear stress to laboratory results. Model 
parameters for each discontinuity specimen were assigned as previously discussed. The post-
peak damage function of the Barton-Bandis joint constitutive model was enabled for all models 
which allows the model to simulate post-peak damage to the discontinuity surface and calculate a 
residual shear stress for the discontinuity, as similar to laboratory direct shear tests. All Barton-
Bandis models were cycled to a minimum total shear displacement of 2.5 mm, as was performed 
for all single-stage undamaged laboratory tests. Figure 44 is a plot of the model data exported 
from the specimen M3 Barton-Bandis model; the plots corresponding to specimens M4-M6 are 
similar and can be found in Appendix H. Peak shear stresses were recorded for each specimen at 
each normal stress value and, along with model parameters for each joint specimen, are 
summarized in Table X. 
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Table X: Summary of Barton-Bandis mode joint properties and peak shear stress values. 
Specimen M3 M4 M5 M6 
Residual Friction Angle (φr) 44° 33° 41° 38° 
Joint Shear Intercept (Sj) 
(MPa) 0.01 0.07 0.10 0.22 
Joint Wall Compressive 
Strength (MPa) 1.7 9.0 4.8 4.1 
Joint Length (m) 0.075 0.075 0.075 0.075 
Uniaxial Compressive 
Strength (MPa) 
40 75 75 75 
Joint Roughness Coefficient 10 2 6 14 
Joint Shear Stiffness (MPa) 8x102 1x103 2x103 2x103 
Normal Stress (kPa) 90 180 270 200 400 600 200 400 600 200 400 600 
Barton-Bandis Model 
Peak Shear Stresses (kPa) 137 245 343 193 378 559 349 642 919 385 649 889 
 
 
 
Figure 44: Barton-Bandis model displaying shear stress vs. shear displacement for joint specimen M3. 
 
A sensitivity analysis was performed to identify the effect of certain model parameters on 
calculated peak shear stress for the Barton-Bandis models. The model parameters investigated 
were joint friction angle, joint roughness coefficient, joint compressive strength, joint shear 
stiffness, and joint normal stiffness. This sensitivity analysis was performed on the Barton-
Bandis model generated for discontinuity specimen M5, at a normal stress of 400 kPa. This 
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model and normal stress value were chosen as they represent the middle range of joint roughness 
and normal stress.  
The graphical results of the sensitivity analysis are displayed in Figure 45 and the 
corresponding values are tabulated in Appendix J. The sensitivity analysis demonstrated that 
similar to the Coulomb Slip (Area) models, joint friction angle has the most significant impact on 
calculated peak shear stress. Joint friction angle values were explored at an arbitrary, but 
realistic, range of +30% to -30%. Joint roughness coefficient and joint wall compressive strength 
were varied from +100% to -100% and joint normal and joint shear stiffness were varied up to 
plus and minus one order of magnitude. At a 30% increase in joint friction angle, peak shear 
stress was observed to increase over 72%.  Joint roughness coefficient was also observed to have 
a significant impact on the calculated peak shear stress, with a 100% increase in JRC causing a 
28% increase in peak shear stress. Joint wall compressive strength, when reduced by -100% 
resulted in an 18% reduction in peak shear stress. Joint shear and normal stiffness have little to 
no impact on resultant shear stress and are not included in the graphical results seen in Figure 45. 
    
Figure 45: Graphical results of Barton-Bandis model sensitivity analysis. 
   
-60
-40
-20
0
20
40
60
80
-100 -50 0 50 100
C
ha
ng
e 
in
 P
ea
k 
Sh
ea
r 
St
re
ss
 (%
)
Change in Parameter (%)
Barton-Bandis Model
Sensitivity Analysis
Friction Angle Joint Roughness Coefficient
Joint Compressive Strength
74 
The results of the Barton-Bandis models as compared to the laboratory direct shear tests 
for all joint specimens are represented in Figure 46 which display the shear stress vs. shear 
displacement data over the entire range of displacement. The measured values that can be 
matched are the peak shear strength (highest values), the stiffness (initial slope), and the residual 
strength. The majority of the peak shear observed with the Barton-Bandis models matched 
laboratory results very well and most results were well under 10% difference. Specimen M4, the 
smoothest joint surface (JRC 0-2) demonstrated the most different modeled peak shear stresses at 
the 200 kPa and 400 kPa normal stress values, at 14% and 22% different as compared to 
laboratory results. The percent difference values for all discontinuity specimens are summarized 
in Table XI. The initial slopes generated by the Barton-Bandis models, representing the joint 
stiffness, were relatively similar but consistently slightly steeper than laboratory shear stress vs. 
displacement slopes for all discontinuity specimens. The differences in slopes representing initial 
increase in peak shear stress with displacement between the models and laboratory results were 
similar to those of the Coulomb Slip (Area) models, but because Figures 48 – 51 display the data 
over a larger displacement range, this discrepancy is not as obvious.   
  
Table XI: Summary of percent differences between laboratory peak shear stress values and Barton-Bandis 
model peak shear stress values.  
Specimen M3 M4 M5 M6 
Laboratory Peak 
Shear Stresses 
(kPa) 
134 226 364 223 470 574 360 627 879 395 668 795 
Barton-Bandis 
Model Peak Shear 
Stresses (kPa) 
137 245 343 193 378 559 349 642 919 385 649 889 
% Difference 2% 8% 6% 14% 22% 3% 3% 2% 4% 3% 3% 11% 
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Figure 46: Plots of Barton-Bandis and laboratory shear stress vs. shear displacement for joint specimen M3 (top left), M4 (top right), M5 (bottom 
left), and M6 (bottom right). 
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The post-peak damage feature of this model allowed the modeled shear stress vs. shear 
displacement curves to better match those obtained from laboratory tests. Discontinuity 
specimens M3, M5, and M6 all demonstrated shear stress vs. shear displacement curve shapes 
very consistent with the laboratory tests: an initial sharp increase in peak shear stress, followed 
by a well-defined peak at peak shear stress, then a gradual decrease in peak shear stress as the 
specimen continues to be displaced. The modeled shear stress vs. shear displacement curve for 
specimen M4 was significantly different than the others, most likely as an effect of its very 
smooth surface (JRC 0-2). This specimen demonstrated an initial sharp increase in shear stress 
with a rounded peak stress zone, followed by a consistent shear stress which was not impacted 
by additional displacement. This suggests that with a smooth joint surface, the model is 
predicting that little significant damage is occurring to the joint surface, thus shear stress is not 
reduced with additional displacement. 
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 Conclusions and Recommendations 
The goal of this study was to further investigate the effectiveness of the Limited 
Displacement Multi-Stage Direct Shear (LDMDS) test method in its ability to determine accurate 
Mohr-Coulomb strength parameters for rock joints of varying roughness as compared to current 
Standard test procedures. This was accomplished by conducting direct shear tests on cement 
replicates of four rock joint specimens (M3, M4, M5, M6) of different roughnesses by LDMDS 
and Standard test procedure and comparing the resultant Mohr-Coulomb parameters to those 
obtained by conducting single-stage undamaged direct shear tests. Itasca’s Universal Distinct 
Element Code (UDEC) was used to create numerical models which could simulate the direct 
shear tests and provide peak shear strength values for comparison. The results of this study 
provided several main conclusions: 
• Cement replicates of rock joints of variable roughness provide a valid method of 
conducting multiple direct shear tests on the “same” joint specimen.  
• Single-stage direct shear tests, conducted on cement replicates of rock joints of 
variable roughness, can be used to establish baseline, “true”, Mohr-Coulomb strength 
parameters for a specific joint specimen.  
• The Standard direct shear test method, as currently suggested by ASTM (2016) 
results in “mixed” peak shear strength values, by which peak shear stress observed at 
the lowest normal stress is an undamaged value and peak shear stresses at successive 
normal stresses represent a damaged joint surface. This results in φj being 
underestimated and Sj being overestimated. 
• The Limited Displacement Multi-Stage Direct Shear (LDMDS) test method 
consistently demonstrates more accurate peak shear stress values and Mohr-Coulomb 
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parameters by limiting overall shear displacement and subsequent damage to the 
discontinuity surface.  
• Although the LDMDS may be more effective on discontinuity specimens of higher 
Joint Roughness Coefficient (JRC), JRC > 6, it does still provide marginally more 
accurate strength parameters for smoother discontinuities.  
• With the Universal Distinct Element Code (UDEC) software, numerical models can 
be created using both the Coulomb Slip (Area) and Barton-Bandis joint constitutive 
models to simulate laboratory direct shear tests with generally good accuracy (±20%).  
 
The following recommendations can be made based upon the results and conclusions of 
this research: 
• Additional joint specimens should be tested to further establish the accuracy of the 
LDMDS test method.  
• Potential variability in joint specimen replicate material can lead to minor variations 
in peak shear stresses observed during direct shear tests and, therefore, different 
specimen replicate materials may be explored.  
• Discontinuity specimens taken from core-run samples are relatively small and 
particularly difficult to position for direct shear tests. Consequently, it is 
recommended that future specimens be of large rectangular cut joint specimens.  
• Additional experimental results can provide better validation of the performance of 
the UDEC joint constitutive models, and models can be used to augment the 
experimental data sets by simulating specimens with varying joint geometries.  
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• The shapes of controlling asperities play a significant role in defining the impact of 
shear displacement. Specimens shearing over more angular, steeper, asperities will 
displace less, as compared to more rounded asperities with more gradual slopes, when 
approaching and slipping down these surface features. The effectiveness of the 
LDMDS test method as a function of these asperity shapes should be explored using 
more advanced scanning and 3-D analysis tools.  
• The data suggest that the decision to conservatively define failure as the first 
observable drop in shear stress made it difficult to sufficiently limit the displacement 
as required to identify multiple undamaged shear strength values. More consistent 
replicates may have allowed more definitive results, and development of new sensing 
technologies may facilitate the use of the LDMDS test procedure.  
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Appendix A: Complete Data Files for Valid Direct Shear Tests 
Included as Electronic Appendix A. 
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Appendix B: Unconfined Compressive Strength Data Files 
Included as Electronic Appendix B. 
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Appendix C: Ultrasonic Velocity Data 
Included as Electronic Appendix C. 
 
  
86 
Appendix D: Pre-Shear and Post-Shear Digital Scan Histograms for all 
Specimens.  
Included as Electronic Appendix D. 
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Appendix E: Shear Stress and Normal Displacement Plots – All Tests 
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Appendix F: UDEC Model Text Files 
Coulomb Slip (Area) Model Build File 
;SPECIMEN M3 Coulomb Slip 
;Define block geometry 
config 
round 1.25E-3 
edge 2.5E-3 
block 0,0 0,0.1 0.125,0.1 0.125,0 
crack (2.5E-2,5E-2) (2.5E-2,0.1) 
crack (0.1,5E-2) (0.1,0.1) 
crack (0,5E-2) (0.125,5E-2) 
delete range atblock (0.1019,7.536E-2) 
delete range atblock (1.974E-2,7.523E-2) 
;zone model 
gen edge 0.01 
; 
;Assign model material properties 
; 
;ELASTIC & CONCRETE 
group zone 'Specimens:Concrete' 
zone model elastic density 2400 bulk 1.38889E8 shear 1.04167E8 range group 
'Specimens:Concrete' 
; 
;Joint material 
;Coulomb slip area model 
; 
group joint 'Rock:Joint Coulomb' 
joint model area jks 8E8 jkn 8E9 jfriction 52 jcohesion 1.2E4 jdilation 5 range group ' 
 Rock:Joint Coulomb' 
; new contact default 
set jcondf joint model area jks=8E8 jkn=8E9 jfriction=52 jcohesion=1.2E4 jdilation=5 
 
; 
;Boundary conditions 
boundary xvelocity 0 range -4.799E-3,3.249E-3 -8.141E-3,5.944E-2 
boundary xvelocity 0 range 0.1231,0.1349 -5.366E-3,5.319E-2 
boundary yvelocity 0 range -4.661E-3,0.1302 -1.342E-3,1.017E-3 
boundary yvelocity 0 range -1.417E-3,2.392E-2 4.808E-2,5.11E-2 
boundary yvelocity 0 range 0.1013,0.1265 4.883E-2,5.035E-2 
; 
;Apply Normal Load (Pa) 
boundary stress 0.0,0.0,-270000 range 2.018E-2,0.107 9.76E-2,0.104 
; 
set grav=0.0, -9.81 
solve elastic 
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Coulomb Slip (Area) Model Displacement File 
; functions to calculate average joint stresses and displacments 
; 
;Name:ini_jdisp 
def ini_jdisp 
njdisp0 = 0.0 
sjdisp0 = 0.0 
ic = contact_head 
loop while ic # 0 
njdisp0 = njdisp0 + c_ndis(ic) 
sjdisp0 = sjdisp0 + c_sdis(ic) 
ic = c_next(ic) 
endloop 
end 
ini_jdisp 
; 
;Name:av_str 
def av_str 
whilestepping 
sstav = 0.0 
nstav = 0.0 
njdisp = 0.0 
sjdisp = 0.0 
ncon = 0 
;joint length = 0.075m = ~75mm (LAB AND MODEL) 
jl = 0.075 
ic = contact_head 
loop while ic # 0 
ncon = ncon+1 
sstav = sstav + c_sforce(ic) 
nstav = nstav + c_nforce(ic) 
njdisp = njdisp + c_ndis(ic) 
sjdisp = sjdisp + c_sdis(ic) 
ic = c_next(ic) 
endloop 
if ncon # 0 
sstav = sstav / jl 
nstav = nstav / jl 
njdisp = (njdisp-njdisp0) / ncon 
sjdisp = (sjdisp-sjdisp0) / ncon 
endif 
end 
av_str 
; 
;Set history to track data 
reset jdisp hist 
119 
history sstav 
history nstav 
history njdisp 
history sjdisp 
history ncyc 1 
; 
;Apply X-Velocity to top block starting shear displacement 
;Lab rate 0.2mm/min 
boundary xvelocity 3.3E-3 range 2.43E-2,0.1007 4.959E-2,0.1008 
; 
cycle 
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Barton-Bandis Model Build File 
;SPECIMEN M3 BB 
;Define block geometry 
config 
round 1.25E-3 
edge 2.5E-3 
block 0,0 0,0.1 0.125,0.1 0.125,0 
crack (2.5E-2,5E-2) (2.5E-2,0.1) 
crack (0.1,5E-2) (0.1,0.1) 
crack (0,5E-2) (0.125,5E-2) 
delete range atblock (0.1019,7.536E-2) 
delete range atblock (1.974E-2,7.523E-2) 
; 
;zone model 
gen edge 0.01 
; 
;Assign model material properties 
; 
;ELASTIC & CONCRETE 
group zone 'Specimens:Concrete' 
zone model elastic density 2.4E-4 bulk 138.889 shear 104.167 range group 
'Specimens:Concrete' 
; 
;Joint material 
; 
;;BARTON-BANDIS (MPa) 
group joint 'Rock:BartonBandis' 
joint model bb aper 0.4 bbdmax 1E20 bbdplateau 1 jcso 1.7 jks 800 jkn 8000 jrco 10 ln 
7.5E-2 lo 7.5E-2 phir 44 sigmac 40 range group 'Rock:BartonBandis - LIMESTONE' 
; new contact default 
set jcondf joint model bb aper=0.4 bbdmax=1E20 bbdplateau=1 jcso=1.7 jks=800 
jkn=8000 jrco=10 ln=7.5E-2 lo=7.5E-2 phir=44 sigmac=40 
; 
;Boundary conditions 
boundary xvelocity 0 range -4.799E-3,3.249E-3 -8.141E-3,5.944E-2 
boundary xvelocity 0 range 0.1231,0.1349 -5.366E-3,5.319E-2 
boundary yvelocity 0 range -4.661E-3,0.1302 -1.342E-3,1.017E-3 
boundary yvelocity 0 range -1.417E-3,2.392E-2 4.808E-2,5.11E-2 
boundary yvelocity 0 range 0.1013,0.1265 4.883E-2,5.035E-2 
; 
;Apply Normal Load (MPa) 
boundary stress 0.0,0.0,-0.180 range 2.018E-2,0.107 9.76E-2,0.104 
; 
set grav=0.0, -9.81 
solve elastic 
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Barton-Bandis Model Displacement File 
call 'C:\Program Files\Itasca\UDEC600\Datafiles\Models\Joint Model\Barton 
Bandis\BB.FIN' 
; 
def av_str 
whilestepping 
sstav = 0.0 
njdil = 0.0 
njusc = 0.0 
ncon = 0 
jl = 0.075 ; joint length = 75mm 
ic = contact_head 
loop while ic # 0 
ncon = ncon+1 
sstav = sstav + c_sforce(ic) 
njdil = njdil + fmem(c_jex(ic)+$bb_dil) 
njusc = njusc + fmem(c_jex(ic)+$bb_usc) 
ic = c_next(ic) 
endloop 
if ncon # 0 
sstav = sstav / jl 
njdil = njdil / ncon 
njusc = njusc / ncon 
endif 
end 
; 
reset hist disp jdisp 
; 
hist ncyc 1 
hist sstav njdil njusc 
; 
;Apply X-Velocity to top block starting shear displacement 
;Lab rate 0.2mm/min 
boundary xvelocity 3.3E-3 range 2.43E-2,0.1007 4.959E-2,0.1008 
; 
cycle 
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Appendix G: Coulomb Slip (Area) Models (M4, M5, M6) 
 
Coulomb-Slip (Area) model of specimen M4 displaying shear stress vs. shear 
displacement data. 
 
 
 
Coulomb-Slip (Area) model of specimen M5 displaying shear stress vs. shear 
displacement data. 
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Coulomb-Slip (Area) model of specimen M6 displaying shear stress vs. shear 
displacement data. 
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Appendix H: Coulomb Slip (Area) Sensitivity Analysis Data 
 
%Change Friction Angle (°) Peak Shear Stress (kPa) %Change in shear stress 
30 66 1002 68.12080537 
20 61 825 38.42281879 
10 56 695 16.61073826 
0 51 596 0 
-10 46 512 -14.09395973 
-20 41 449 -24.66442953 
-30 36 392 -34.22818792 
 
 
%Change 
Joint Cohesion 
(kPa) Peak Shear Stress (kPa) %Change in shear stress 
30 135 626 5.033557047 
20 125 616 3.355704698 
10 114 605 1.510067114 
0 104 596 0 
-10 94 586 -1.677852349 
-20 83 573 -3.859060403 
-30 73 566 -5.033557047 
 
 
%Change 
Joint Normal Stiffness 
(kPa) Peak Shear Stress (kPa) %Change in shear stress 
900 1.00E+12 584 -2.013422819 
650 7.50E+11 584 -2.013422819 
400 5.00E+11 585 -1.845637584 
150 2.50E+11 585 -1.845637584 
100 2.00E+11 590 -1.006711409 
0 1.00E+11 596 0 
-100 8.50E+10 596 0 
-150 7.50E+10 596 0 
-400 5.00E+10 596 0 
-650 2.50E+10 596 0 
-900 1.00E+10 596 0 
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%Change 
Joint Shear Stiffness 
(kPa) Peak Shear Stress %Change in shear stress 
900 1.00E+11 596 0 
650 7.50E+10 596 0 
400 5.00E+10 596 0 
150 2.50E+10 596 0 
100 2.00E+10 596 0 
0 1.00E+10 596 0 
-100 9.00E+09 596 0 
-150 7.50E+09 596 0 
-400 5.00E+09 596 0 
-650 2.50E+09 596 0 
-900 1.00E+09 595 -0.167785235 
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Appendix I: Coulomb Slip (Area) Models Compared to Laboratory 
Tests (M4, M5, M6) 
 
Shear stress vs. shear displacement data for Coulomb Slip (Area) model and 
laboratory test for specimen M4. 
 
 
Shear stress vs. shear displacement data for Coulomb Slip (Area) model and laboratory 
test for specimen M5. 
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Shear stress vs. shear displacement data for Coulomb Slip (Area) model and 
laboratory test for specimen M6. 
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Appendix J: Barton-Bandis Models (M4, M5, M6) 
 
 
Barton-Bandis model of specimen M4 displaying shear stress vs. shear displacement 
data. 
 
 
Barton-Bandis model of specimen M5 displaying shear stress vs. shear displacement 
data. 
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Barton-Bandis model of specimen M6 displaying shear stress vs. shear displacement 
data. 
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Appendix K: Barton-Bandis Model Sensitivity Analysis Data 
 
%Change Friction Angle (°) Peak Shear Stress (kPa) %Change in shear stress 
30 68 1103 71.80685358 
20 62 982 52.95950156 
10 57 784 22.11838006 
0 52 642 0 
-10 47 533 -16.97819315 
-20 42 447 -30.37383178 
-30 36 363 -43.45794393 
 
 
%Change 
Joint Roughness Coefficient 
(JRC) Peak Shear Stress (kPa) %Change in shear stress 
100 12 825 28.5046729 
75 11 791 23.20872274 
50 9 729 13.55140187 
25 8 699 8.878504673 
0 6 642 0 
-25 5 614 -4.361370717 
-50 3 564 -12.14953271 
-75 2 544 -15.26479751 
-100 1 528 -17.75700935 
 
 
%Change 
Joint Compressive Strength 
(MPa) Peak Shear Stress (kPa) %Change in shear stress 
100 10 690 7.476635514 
75 8 675 5.140186916 
50 7 666 3.738317757 
25 6 656 2.180685358 
0 5 642 0 
-25 4 631 -1.713395639 
-50 2 591 -7.943925234 
-75 1 555 -13.55140187 
-100 0.48 524 -18.38006231 
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%Change 
Joint Normal Stiffness 
(MPa) Peak Shear Stress (kPa) %Change in shear stress 
900 1.00E+07 643 0.15576324 
650 7.50E+06 642 0 
400 5.00E+06 642 0 
150 2.50E+06 642 0 
100 2.00E+06 642 0 
0 1.00E+06 642 0 
-100 8.00E+05 642 0 
-150 7.50E+05 642 0 
-400 5.00E+05 642 0 
-650 2.50E+05 642 0 
-900 1.00E+05 642 0 
 
 
%Change 
Joint Shear Stiffness 
(MPa) Peak Shear Stress %Change in shear stress 
900 1.00E+06 642 0 
650 7.50E+05 642 0 
400 5.00E+05 642 0 
150 2.50E+05 642 0 
100 2.00E+05 642 0 
0 1.00E+05 642 0 
-100 8.00E+04 642 0 
-150 7.50E+04 642 0 
-400 5.00E+04 642 0 
-650 2.50E+04 642 0 
-900 1.00E+04 642 0 
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Appendix L: Dilation Angle Calculation Data Sheets 
Included as Electronic Appendix L.  

